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SUMMARY
The cytochrome P-450 dependent monooxygenase activity in a 'wild 
type' susceptible strain of housefly was studied. Catalytic activities 
were identified that demonstrated that the housefly cytochrome P-450 was 
capable of similar catalytic functions as those described for higher 
animals. Although several specific activities were lower than in mammalian 
species, benzphetamine N-demethylation was comparable and there was higher 
constitutive activity toward lauric acid than is observed in rat hepatic 
microsomes. The inducing agent phenobarbital increased both total cyto­
chrome P-450 content and the benzphetamine N-demethylase specific 
activity.
The high constitutive activity for fatty acids was induced by the 
hypolipidaemic drug clofibrate, specifically inducing the w-hydroxylase 
activity. The substrate specificity toward lauric acid extended equally to 
myristic and palmitic acid. Housefly microsomal cytochrome P-450 also 
metabolised the unsaturated fatty acid, arachidonic acid, the w-hydroxy- 
lation again inducible by clofibrate pretreatment. The w-hydroxylation of 
these fatty acids appeared to be a well-coupled reaction, a property that 
also appeared to be exhibited by the rat hepatic w-hydroxylase. The 
housefly fatty acid hydroxylation showed certain similarities to that in 
the rat, both in the specificity for w-hydroxylation and in the result of 
induction by clofibrate.
Structural comparison to cytochrome P-450IVA1, IIB1 and IA1 was made 
by Western blot analysis with polyclonal antibodies raised to these rat 
hepatic isoenzymes. Housefly cytochrome P-450 shared few, if any, common 
epitopes with these rat isoenzymes, nor did these antibodies inhibit 
housefly cytochrome P-450 dependent monooxygenase activity.
Cytochrome P-450 from clofibrate-pretreated housefly microsomes was 
partially purified by affinity chromatography. The cytochrome P-450 had a 
specific content of 5.7nmol.mg_1 and a monomeric molecular weight of 
52,000 daltons and a reduced carbon monoxide difference spectrum absor­
bance maxima at 448nm. In a reconstituted system, this preparation 
exhibited activity toward lauric acid and to a lesser extent arachidonic 
acid in each case w-hydroxylated products predominated. This is the first 
example of a purification of an insect cytochrome P-450 multiple form with 
a defined product reaction.
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CHAPTER 1 
INTRODUCTION
1.1 Introduction
The living organism is equipped with an efficient chemical defence 
mechanism which deals with many xenobiotics. This mechanism functions 
predominantly by converting xenobiotics into polar metabolites which are 
more water soluble and hence can be more readily excreted. Many xeno­
biotics would otherwise remain within the body for an extended period of 
time, usually exerting a deleterious influence. The metabolism of xeno- 
biotic compounds can be regarded in terms of 'phase I' and 'phase II' 
reactions. Phase I biotransformations involve primarily three types of 
reactions, oxidation, reduction and hydrolysis. The net result is the 
introduction of a polar functional group into the compound. During phase 
II, or conjugation, reactions the polar functional group of the xenobiotic 
or its phase I metabolite is linked to endogenous molecules. These include 
moieties such as glucuronic acid, sulphate and glutathione. Cytochrome P- 
450 is involved in the phase I metabolism.
Cytochrome P-450 is the terminal component of the monooxygenase 
system found in animals, plants and microorganisms. Undoubtedly, the best 
characterised examples are those from mammalian hepatic microsomes in 
rabbit, rat and mouse (Conney, 1986; Lu & West, 1980; Nebert & Negishi, 
1982; Waxman, 1986), in man the corresponding systems are now also being 
more extensively studied (Beaune et al., 1986; Boobis & Davies, 1984).
Cytochromes P-450 have been described in avian species (Wit, 1977), fish 
(Williams & Buhler, 1984), bacteria and fungi (Wiseman, 1980) and was 
first reported in insects in 1967 (Ray).
71.2 The cytochrome P-450 dependent mixed function oxidase system
The cytochrome P-450 dependent mixed function oxidase (MFO), or 
monooxygenase system varies with the type of organism, its stage of
development and the particular tissue in which it is located. The best
characterised system is that of mammalian microsomes. The system comprises 
two major components: (i) NADPH-cytochrome P-450 reductase, mediating the
transfer of electrons from NADPH to cytochrome P-450 and (ii) cytochrome 
P-450, serving as the terminal electron acceptor and site of substrate
oxidation. Cytochrome b5 and its reductase, NADH-cytochrome b5 reductase,
have also been implicated in a number of oxidation reactions (Gibson & 
Clarke, 1986; Schenkman et al., 1976).
1.2.1 Cytochrome P-450
Cytochrome P-450 is a haemoprotein of the 'b' class of cytochromes 
and serves as the terminal oxidase mediating the incorporation of one 
atom of molecular oxygen into the substrate and a second into water. In 
effect the haemoprotein serves as a hydroxylase which requires oxygen 
activation (Coon, 1981). The cytochrome contains a protoporphyrin-IX 
prosthetic group liganded to a cysteine thiol group of the apoprotein at 
the fifth haem coordination site (Gibson & Tamburini, 1984). Cytochrome P- 
450 from a variety of sources has been characterised and has been found to 
be an atypical b-type cytochrome (table 1.1) with a monomeric molecular 
weight (Mr) of 46-58Kd.
Cytochrome P-450 has also been shown to display unique 'binding 
spectra'. These are spectral shifts, which occur on the binding of various 
ligands to ferric cytochrome P-450. Two principal types of spectral shifts 
have been recognised (Hodgson & Dauterman, 1984; Jefcoate, 1978; Schenk­
man, 1970). The 'type I' spectral perturbation arises as a result of 
substrate binding to the protein and is characterised by a wavelength
Table 1.1 Unusual properties of cytochrome P-450 
Reproduced from Gibson & Tamburini (1984).
Characteristic P-450 Other haemoproteins
1) Spectral properties
a) CO-adduct
b Ethyl isocyanide adduct 
c) Substrate binding
2) Spin state
3) Ligand and substrate 
reactivity
4) Mid-point redox potential
5) Concentrations
450nm
Forms split Soret with Fe2+ 
Spectral shifts noted on 
substrate binding
form
a) Fe3+ state can exist in both 
low- and high-spin forms
b) Both Fe3+ low- and high-spin 
states converted to high-spin on 
reduction
In addition to binding of usual 
ligands (opposite), also binds 
hundreds of substrates of 
diverse chemical structure (both 
to haem and apoprotein)
Unusually low
Highly inducible by many 
xenobiotics
Approximately 420nm
For e' carrier cytochromes, both 
Fe3+ and Fe2* states are usually low 
spin
For 02 carriers and peroxidases, 
both Fe3+ and Fe2+ states are 
usually high spin
Bind 02, CO, NO, azide, cyanide and 
fluoride
More positive
9maximum of 385-390nm and minimum at about 420nm. Type II spectral shifts 
(wavelength maximum at 420-435nm and minimum at 390-410nm) are often 
associated with nitrogen containing ligands. The nitrogen atom lone-pair 
electrons involved in dative binding to the haem iron at the sixth 
coordination site. Two other well documented spectral perturbations are 
referred to as 'reverse type I' and 'type III'. The former is a mirror 
image of type I spectra and is believed to be the displacement of an 
endogenous ligand from cytochrome P-450 (Guenthner et al., 1980), or due 
to oxygen acting in a similar way to nitrogen (Hodgson & Dauterman, 1984). 
In the reduced state, cytochrome P-450 has been shown to display the type 
III spectra with compounds such as ethyl isocyanide. The spectra are 
normally characterised by two pH dependent peaks at approximately 430nm 
and 455nm.
It has been established that the haem iron of cytochrome P-450 can 
exist in either a low spin (hexacoordinate) or high spin (pentacoordinate) 
state, or most frequently, in a mixed spin state (Gibson & Tamburini, 
1984; Jefcoate, 1978). These reflect the alteration in the distribution of 
iron III d-orbital electrons. It is known that substrate/ligand binding to 
cytochrome P-450 is reflected by changes in haem iron spin state. The 
binding of type I substrates causes a low to high spin transition and type 
II ligands bring about the reverse. In the latter case the complex is 
distinct from the normal low spin form of the cytochrome in which water is 
believed to coordinate with the iron at the sixth site.
1.2.2 NADPH-cytochrome P-450 reductase
The reductase is a flavin containing oxidoreductase and has been 
purified and characterised from a variety of sources (Black & Coon, 1982; 
Shively et al., 1984; Yasukochi & Masters, 1976). Typically the detergent
solubilised protein exhibits a monomeric molecular weight (Mr) of 74-80Kd
and yields, upon exposure to trypsin, two peptides (i) a large polypeptide 
(Mr 70Kd), which retains the flavin prosthetic groups (FAD and FMN) and 
the ability to mediate NADPH-cytochrome c reduction, and (ii) a smaller 
polypeptide (Mr 6Kd) which is hydrophobic in nature and is known as the 
'tail peptide' or 'membrane binding peptide'. This peptide contains the 
amino terminus and is considered to be important for the anchoring of the 
protein to the membrane and for binary complex formation with cytochrome 
P-450 (Gum & Strobel, 1981).
1.2.3 Cytochrome b5
Cytochrome bs has been implicated in a number of cytochrome P-450 
dependent oxidation reactions (Schenkman et al., 1976). This haemoprotein
(Mr 16Kd) is tightly bound to the microsomal membrane, its electron donor 
is the flavoprotein NADH-cytochrome b5 reductase (Mr 33Kd). NADH can 
weakly support drug oxidation reactions (Conney et al., 1957) and addi­
tionally exerts a synergistic effect in the presence of NADPH (Hildebrandt 
& Estabrook, 1971). These and other findings have led to the hypothesis 
that cytochrome b5 may have a role as a second electron donor during the 
activation of molecular oxygen (figure 1.1).
The role of cytochrome b5 in drug oxidation reactions is confused by
the observations that cytochrome b5 may be inhibitory (Gibson & Clarke, 
1986; Lu et al., 1974), stimulatory (Imai & Sato, 1977), obligatory
(Sugiyama et al., 1979) or have no effect (Imai & Sato, 1977) on
hydroxylation reactions. This confusion has been partially rationalised by 
the observation that the nature of the substrate and the particular 
isoenzyme of cytochrome P-450 under consideration is an important deter­
minant of reactivity with cytochrome b5 (Kuwahara & Omura, 1980). It has
been suggested that the concept of a universal role for cytochrome b5
modulation of drug oxidations is untenable (Gibson & Clarke, 1986).
(SOH)Fe e*
(S’)(Fe-OH) 2e"
(SH)Fe (SH)Fe
Figure 1.1 The cytochrome P-450 cycle
Key
SH Substrate
FPT Cytochrome P-450 reductase 
FPD Cytochrome b5 reductase
SOH Product 
b5 Cytochrome b5
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1.2.4 Phospholipids
The composition and physical state of the endoplasmic reticulum (ER) 
membrane, to which the MFO components are bound is thought to influence 
the activity of the system to such an extent that the membrane itself is 
considered a component (Ruckpaul & Bernhardt, 1984). Phospholipids such as 
dilaurylphoshatidylcholine are known to fulfil an important role in 
organising the structure-activity relationships of the MFO system. Phos­
pholipids are thought to have a dual function: (i) phospholipid binding to 
the cytochrome P-450 induces the active conformation of the haemoprotein,
(ii) the formation of a fluid environment, which facilitates electron 
transport between the components and allows protein-protein coupling to 
occur.
1.2.5 Topography
The lateral organisation of lipids in microsomal membranes exhibits 
dynamics of a multi-phase system i.e. rigid and fluid areas. These lipid 
states may determine the conformation of the MFO system and may also link 
its function with that of phase II microsomal enzymes such as UDP- 
glucuronyl transferase (Ruckpaul & Bernhardt, 1984). There is growing 
evidence for a cluster-like-organisation of different isoenzymes of micro­
somal cytochrome P-450 around the limiting reductase (Greinert et al., 
1982). The different cytochromes P-450 are thought to interact with one 
another (Kaminsky & Guengerich, 1985) and differentially interact with the 
flavoprotein (Kitada et al., 1984). Two models have been proposed for the
interactions of the various components: (i) the 'rigid' model in which no
lateral diffusion of proteins is required for catalysis, (ii) the 'non- 
rigid' or 'random' model in which short range diffusion of cytochrome P- 
450 and reductase in the phospholipid bilayer occurs. Recent evidence 
supports the second model (Greinert et al., 1982; Wu & Yang, 1984),
although in both cases a binary cytochrome P-45O-reductase complex is 
formed (Paine, 1981).
There is a lack of data concerning the transverse arrangement of the
MFO components within the ER membrane. Currently, it is believed that the
components such as NADPH-cytochrome P-450 reductase are actually periph­
eral membrane proteins, anchored to the membrane via small hydrophobic 
segments of protein (Gum & Strobel, 1981), with the catalytic centres 
facing the cytoplasm. Cytochrome P-450 is considered as an integral 
membrane protein, with its catalytic centre exposed to the cytoplasm 
(Nebert et al., 1981; Takemori & Kominami, 1984). More recent evidence
suggests that the extent of integrity with the membrane is dependent on
the isoenzyme and that the haem binding pocket is also exposed to the
cytoplasm (Hudecek & Anzenbacher, 1988).
1.2.6 The cytochrome P-450 cycle
Studies concerning the mechanism of electron transfer and molecular 
oxygen activation during cytochrome P-450 dependent MFO function have been 
greatly facilitated by the availability of purified enzymes. The cyto­
chrome P-450 mechanism of action can be seen in terms of a 'cytochrome P- 
450 cycle' (Gibson & Tamburini, 1984; Schenkman & Gibson, 1983) (figure 
1.1). A number of steps have been established, but the actual mechanism of 
dioxygen activation remains elusive, as does the mechanism by which this 
'activated oxygen' is inserted into the substrate (Sligar et al., 1984).
What is established is that there are two events (i) reactivity of an 
oxygenated haem adduct to generate a transition state with a highly 
strained oxygen-oxygen bond (this may be suitable for homolytic or
which is able to abstract hydrogen efficiently from the unactivated 
substrate (Sligar et al., 1984). It is believed that bound oxygen may at
cleavage) and (ii) generation of a species at the active site
some point pass through most, if not all, oxidation and protonated states 
of molecular oxygen (Coon, 1981). Evidence suggests the involvement of a 
superoxide anion (02“) as the 'active oxygen' species (Coon, 1981; Paine, 
1981), although hydroxy radicals (0H°) have been implicated during ethanol 
oxygenation (Hagbjork & Ingelman-Sundberg, 1982), ie auto-oxidation of the 
oxycytochrome P-450 complex liberates superoxide anions which can partial­
ly dismutate to H202. Peroxide may react, in an iron catalysed reaction, 
to give the hydroxy radicals which react with the substrate. It is known 
that cytochrome P-450 can display both oxygenase and oxidase activities 
(Coon, 1981).
1.3 Cytochrome P-450 multiplicity
It is known that the cytochrome P-450 from various sources exists in 
several forms or 'isoenzymes'. Often these are characteristic of a 
particular organelle, tissue or animal species (Lu & West, 1980; Nebert & 
Gonzalez, 1987; Nebert & Negishi, 1982; Nebert et al,, 1987). The evidence 
for this multiplicity has been obtained from the isolation and purifi­
cation of these haemoproteins to electrophoretic homogeneity and their 
subsequent characterisation (Guengerich, 1977, 1978, 1979; Guengerich et
al., 1982; Ryan et al., 1984). The most extensively studied forms are
those from untreated or xenobiotic induced rat and rabbit hepatic micro­
somes. With the advent of polyclonal and monoclonal antibodies, isoenzyme 
specific substrates and inhibitors and gene cloning methodology it has 
been possible to more fully characterise these proteins. This class­
ification is based on a number of criteria:
(i) The catalytic characterisation of each protein by employing
reconstituted systems with both xenobiotic and endogenous 
substrates.
(ii) Sensitivity to particular inhibitors such as metyrapone and 9- 
hydroxyellipticine.
(iii) Differential effects of inducing agents.
(iv) Physico-chemical properties such as the absolute and difference 
spectra and the monomeric molecular weight.
(v) Amino acid composition analysis.
(vi) Carboxyl- and amino-terminal amino acid sequencing and peptide 
fragmentation patterns after enzymatic hydrolysis.
(vii) Immunologically, by incubation with polyclonal or epitope 
specific monoclonal antibodies.
(viii) The determination of complete amino acid and corresponding gene 
nucleotide sequences.
By alignment of amino acid sequences it is possible to carry out 
sequence homology studies (Nebert et al., 1987; Nelson & Strobel, 1987).
It is now considered that cytochrome P-450 proteins are transcription and 
translation products of a superfamily of genes. This superfamily comprises 
a number of gene families including xenobiotic inducible and constitutive 
cytochromes P-450. Cytochromes P-450 exhibiting amino acid or nucleotide 
sequence homology of <36% belong to different gene families. Proteins with 
homology >68% belong to the same sub-family (Nebert & Gonzalez, 1987).
This structural homology is often reflected in the antigenic determinant 
or epitope relationship of these haemoproteins. The evolution of this 
family of proteins and the inter-relations can be presented usefully as a 
phylogenetic tree (figure 1.2).
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Figure 1.2 Phylogenetic tree of cytochrome P-450 proteins
Adapted from Nebert & Gonzalez (1987) and Nelson & Strobel (1987). 
MYBP - Millions of years before the present.
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1.4 Induction of cytochrome P-450
The administration of both xenobiotic and endogenous chemicals is 
known to alter the levels of various microsomal cytochromes P-450. 
Although gene cloning and allied techniques are beginning to make a great 
impact in studies concerning the mechanisms of cytochrome P-450 induction 
and gene expression, little has been clearly established even in mammals.
In the case of cytochromes P-450 induced by polyaromatic hydrocarbons 
(PAHs), there is evidence for the presence of a cellular aromatic 
hydrocarbon receptor (Whitlock, 1986,1987). The hypothesis is that the 
binding of the PAH, or its metabolite, to the receptor forms a binary 
complex in a similar mechanism to that of steroid hormones (Nebert & 
Gonzalez, 1987; Whitlock, 1986, 1987). Once formed the complex is trans­
located into the nucleus and the genes are transcriptionally activated. 
Although not purified, a high affinity TCDD receptor has been identified 
(Denison & Wilkinson, 1985) and some PAHs have been shown to compete with 
TCDD for the receptor in cytosolic binding assays (Denison & Wilkinson, 
1985; Gillner et al. 1985). More recent evidence has shown that a 
proportion of the induction is mediated at the post transcriptional level, 
via mRNA stabilisation, even when the primary regulation was transcrip­
tional (Silver & Krauter, 1988).
The mechanism of activation of the cytochrome P-450 gene by pheno- 
barbital type compounds remains to be established. No receptor has been 
detected (Goldstein, 1984; Nebert & Gonzalez, 1987; Whitlock, 1986) and 
little or no changes in the rates of processing, transport or degradation 
of the mRNA have been shown (Pike et al., 1985; Whitlock, 1986). The
induction does involve the accumulation of the relevant mRNAs (Goldstein, 
1984; Pike et al., 1985).
18
A receptor responsible for the induction of cytochrome P-450IVA1 has 
been reported (Lalwani et al., 1983) but its existence is disputed (Milton 
et al., 1988). A 'substrate overload' (medium chain fatty acids are the
preferred substrate of this isoenzyme) mechanism seems more likely for 
induction seen with the hypolipidaemic agents, such as clofibrate, which 
induce this isoenzyme (Elcombe & Mitchell, 1987). The evidence for 
induction of other isoenzymes of cytochrome P-450 is equally equivocal 
despite intensive effort in this area. Most possible mechanisms of 
induction have been suggested for various isoenzymes and the regulation of 
this family of enzymes is obviously complex.
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1.5 Cytochrome P-450 in insects
In, insects cytochrome P-450 has been demonstrated in the midgut, fat 
body and Malpighian tubules of several developmental stages of several 
species, with the midgut being generally, but not always, the site of 
greatest activity.
It has been demonstrated that cytochrome P-450 exists in a number of 
related forms which frequently co-exist in the same cell type. While these 
forms can have a wide substrate specificity, the rate at which a 
particular substrate is oxidised may differ from one form to another. 
Therefore the overall rate of metabolism of a particular substrate is 
dependent on the proportions of different forms in a tissue, developmental 
stage or sex. Since these forms may be under hormonal and genetic control, 
or may themselves control hormone titre, and can be induced differentially 
by exogenous inducers, it is clear that this multiplicity is of consider­
able physiological importance. Cytochrome P-450 in its ability to metabo­
lise many endogenous and exogenous compounds can have a pivotal role in 
many vital processes.
1.5.1 Endogenous roles
Cytochrome P-450 has been implicated in a number of endogenous roles 
in a parallel fashion to that reported in vertebrate species particularly 
in the control of development via its involvement in hormone metabolism. 
Also considered are the attractant compounds (pheromones) that are present 
in many insect species and prostaglandins that have been reported to have 
a variety of functions in vertebrate species and also occur in insects. 
Cytochrome P-450 may have a role in these processes as well as having an 
evolutionary significance through its role in feeding (ecological role).
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1.5.1.1 Development
The two major classes of hormones identified in the insect are the 
juvenile hormones (JH) and the steroid hormone ecdysone and its analogues. 
Ecdysone, or moulting hormone, determines the onset of moulting and JH the 
result of the moult. High 20-hydroxyecdysone levels initiate the moult and 
low JH levels would result in a larval to adult transformation.
1.5.1.1.1 Juvenile hormone
Cytochrome P-450 has been implicated in both the biosynthesis 
(Feyereisen et al., 1981; Hammock, 1975) and oxidative metabolism (Yu &
Terriere, 1978) and thereby deactivation of JHs (Hammock et al., 1977).
The two final steps of JH-III synthesis occur in the corpora allata 
of insects and the final step, epoxidation, has been demonstrated in cell 
free preparations (Weaver et al., 1980). This synthesis has been shown to
be catalysed by a microsomal monooxygenase system present in the corpus 
allatum and is almost certainly cytochrome P-450 dependent (Feyereisen et 
al., 1981; Hammock, 1975).
The oxidative metabolism of JH-I to the JH-diepoxide and the JH acid 
epoxide by housefly and blowfly microsomes requires NADPH and 02 and again 
appears to be cytochrome P-450 dependent (Yu & Terriere, 1978). It has 
long been thought that oxidative pathways are important in the deacti­
vation of JHs (Slade & Zibbit, 1972). More recently it has been shown that 
JH-I causes competitive inhibition of some cytochrome P-450 reactions 
again indicating that the mixed function oxidase system participates in JH 
degradation (Fisher & Mayer, 1982). Additionally, resistant strains of 
housefly with high oxidase activity show increased oxidative metabolism of 
JH-I (Hammock et al., 1977).
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JH analogues are insecticidal compounds that mimic their natural 
counterparts. It has been suggested that these analogues exert their 
insecticidal effect not by substituting for the natural hormone but by 
inhibiting its metabolism (Slade & Wilkinson, 1973). JH analogues can be 
readily oxidised by microsomes from houseflies and blowflies (Yu & 
Terriere, 1977ab). Oxidative activity was higher in^resistant flies and 
could be induced by phenobarbital (Yu & Terriere, 1977b) and cross 
resistance to juvenoids was observed in these high oxidase strains
selected by exposure to other chemicals (Hammock et al., 1977). The
exposure to synergists, like piperonyl butoxide, can also mimic JH
activity (Bowers, 1968) and JH analogues containing a methylene dioxy-
phenyl moiety have increased juvenising activity (Bowers, 1969). These 
compounds increase the half-life of JH in vitro and in vivo (Reddy & 
Krishnakumaran, 1972) and synergise pyrethrin toxicity against suscep- 
tible and resistant strains of Tribolium casttfneum (Zettler, 1979). Mayer 
et al. (1982) using a similar class of compound, 5[[[5-(dimethylamino)-l- 
naphthalenyl]sulphonyl]amino]-1,3-benzodioxole (DNSAB), have shown that 
DNSAB may acquire its hormonal characteristics by complexing a species of 
cytochrome P-450 that metabolises JH, thereby prolonging the in vivo 
lifetime of this hormone. From all this evidence cytochrome P-450 is quite 
clearly implicated in the oxidative degradation of JH and the insecticidal 
activity of some compounds are directed at its involvement in this area. 
However, the metabolism of JH-I can be carried out by epoxide hydrolase 
and esterase activity (Brooks, 1977; Slade & Zibbit, 1972) and cytochrome 
P-450, particularly if it has a higher Km, may not be the only route for 
deactivation of JH in vivo.
Anti-JHs, in sensitive species, inhibit the development of the 
corpora allata or bring about extensive necrosis in these glands thus 
interrupting the production of JH. Precocenes I and II are plant products 
whose active intermediate is an epoxide (Ohta et al., 1977). The double
bond was demonstrated to be necessary for biological activity (Bowers, 
1977) and the 3,4-epoxide of precocene II was shown to be unstable and 
highly reactive, combining with nucleophiles in a relatively non-specific 
manner (Soderlund et al., 1980). This epoxidation may involve the mono­
oxygenase system and with the covalent binding correlating with cell death 
(Pratt et al., 1980), the action of the anti-JHs closely parallels the
covalent binding associated with hepatotoxicity in mammals.
1.5.1.1.2 Ecdysone
Oxidation of steroid prohormones to hormones, specifically the forma­
tion of 20-hydroxyecdysone from ecdysone in various insect tissues has 
been known for some time (King, 1972). Although it is ecdysone that is the 
secretory product of the insect prothoracic glands there is much evidence 
that it is the 20-hydroxyecdysone that is the more physiologically active 
form of moulting hormone (Smith, 1985). As a result the conversion of 
ecdysone to 20-hydroxyecdysone has been viewed as a reaction critical to 
insect postembryonic development and has become the most thoroughly 
studied step in the biosynthetic pathway(s) of ecdysteroids. Recent 
studies have clearly demonstrated that the 20-monooxygenation is catalysed 
by an enzyme system with properties similar to vertebrate cytochrome P-450 
dependent mixed function oxidases and steroid hydroxylases (Feyereisen & 
Durst, 1978; Greenwood & Rees, 1984).
The hydroxylation system seems analogous to that found in the adrenal 
cortex mitochondria of mammals, which also hydroxylates steroids. The 
activity is located in both the mitochondrial and microsomal fractions 
(Greenwood & Rees, 1984; Mitchell & Smith, 1986). Both of these activities 
have been characterised as typical of cytochrome P-450 dependency, being 
inhibited by carbon monoxide, ellipticine and metyrapone, but not cyanide 
and requiring NADPH and oxygen. Phenobarbital has been shown to accelerate 
this activity in vivo in locusts, presumably by induction of cytochrome P- 
450 (Feyereisen & Hoffman, 1977). Recently it has been demonstrated in 
housefly larvae that phenobarbital represses 20-monooxygenase activity in 
the mitochondria but has no effect on the activity of the microsomal 
fraction (Srivatsan et al., 1987). These authors suggested that only the
mitochondrial activity was relevant to the moulting phenomenon, the 
microsomal cytochrome P-450 activity being of a nonspecific nature and not 
involved in development. Conversely, it has been found that in a species
of lepidoptera (Pieris brassicae.), almost all of the ecdysone 20-
hydroxylation activity was present in the microsomes (Blais & Lafont,
1986). This was established by a more effective separation (sucrose 
density gradient instead of the more straightforward differential centri­
fugation) of microsomal and mitochondrial fractions, although the other 
groups (Greenwood & Rees, 1984; Mitchell & Smith, 1986; Srivatsan et al.,
1987) also took precautions to clearly identify the purity of their 
various fractions.
As well as converting the ecdysone into the physiologically active 
20-hydroxyecdysone, cytochrome P-450 has been implicated in the biosyn­
thesis of the ecdysone itself. The last three steps in this biosynthesis 
are C-25, C-22 and C-2 hydroxylations (Meister et al. , 1985). These
activities are strictly mitochondrial driven by NADPH and inhibited by
NADP, but are insensitive to carbon monoxide (Kappler et al., 1986)..
However, . this reaction has been shown to have a monooxygenase mechanism 
(Kabbouh et al., 1987). Sterols with an acetylenic side chain inhibit
cytochrome P-450 dependent enzymes in the biosynthesis of pregnenolone 
from cholesterol (Nagahisa et al., 1983) and this class of molecule also
acted as a suicide substrate in the biosynthesis of ecdysone in insects 
(Burger et al., 1987).
Ecdysone and ecdysterone analogues can be inactivated by cytochrome 
P-450 dependent monooxygenases (Terriere & Yu, 1976; Yu & Terriere, 1975), 
but, also by enzyme systems which exist in the cytoplasm (Karlson & Bode, 
1969; Terriere & Yu, 1976).
The dramatic variation both within and between developmental stages 
(Hodgson, 1983) indicate an almost certain correlation between the control 
of development and the control of cytochrome P-450 activity. The most 
common sequence is for activity to be low in the egg, to become higher 
during each successive intermoult period of the larval or nymphal instars 
and then declining to zero again at the moult or pupation. In feeding 
adults the activity is low at emergence and then rises to a maximum before 
declining. This correlation and what is known of the role cytochrome P-450 
plays in the biosynthesis, activation and degradation of JHs and ecdysone 
demonstrate that cytochrome P-450 controls hormone titre rather than these 
hormones of development controlling the cytochrome P-450. The control of 
the cytochrome P-450 may be by temporal genes (Nebert et al., 1981) and
recently interest has focused on a role for protein kinases (Lehmann & 
Koolman, 1986).
1.5.1.2 Pheromones
Pheromones are attractant molecules found in many insect species that 
often have a sex specific behavioural influence. These pheromones can be 
derived oxidatively from plant secondary metabolites (Brattsten, 1979) or 
from simple fatty acid derivatives (Foster & Roelofs, 1988). The pheromone 
gland of the gypsy moth contains the olefin precursor of disparlure as 
well as the pheromone , an epoxide and its inactivated dihydrodiol 
suggesting the sequential action of a monooxygenase system and epoxide 
hydrolase (Bierl et al. t 1972; Kasang & Schneider, 1974). It has been 
shown that the cytochrome P-450 dependent monooxygenase system from the 
midgut of the southern armyworm can catalyse this epoxidation (Brattsten, 
1979). A terpenoid pheromone produced by the bark beetle is derived 
oxidatively from dietary pinene. The first step in this process, the 
oxidation of pinene to pinene oxide, can be performed by the microsomal 
fraction and the high specific activity observed led the authors to 
consider the presence of a cytochrome P-450 specialised for pheromone 
production (White et al., 1979).
More direct evidence for the role of cytochrome P-450 in the 
metabolism of a sex pheromone, (Z)-9-tricosene, has been presented in the 
housefly (Ahmad et al., 1987). The formation of an epoxide was mostly by
the microsomal fraction and required NADPH and 02 for activity and was 
strongly inhibited by piperonyl butoxide and carbon monoxide. The (Z)—9— 
tricosene interacted with the microsomal cytochrome P-450 to give a type I 
binding spectra, which is indicative of a substrate interaction.
1.5.1.3 Prostaglandins
The mammalian hepatic microsomal mediated enzyme system was first 
implicated in the oxidation of prostaglandins to hydroxy derivatives in 
1969 (Israelsson et al.) and the involvement of the cytochrome P-450 
monooxygenases was confirmed in 1976 (Kupfer & Navarro). The biosynthesis 
of prostaglandins from arachidonic acid (prostaglandin synthetase) via its 
metabolism to hydroxy derivatives is also likely to be the function of 
cytochrome P-450 (Capdevila et al., 1981).
The occurrence of prostaglandins in insects was first reported in the 
house cricket (Destephano et al., 1974) and has since been reported in 
many other species. As has prostaglandin synthetase in vitro activity, in 
species including, the house cricket (Destephano, 1976), housefly 
(Wakayama et al., 1980), Australian field cricket (Tobe & Loher, 1983),
silkworm (Bhagya-Lakshmi & Ramaiah, 1984) and the locust (Lange, 1984). 
This activity is present in the microsomal fraction of housefly repro­
ductive tracts and could be a cytochrome P-450 dependent reaction 
(Wakayama et al., 1986ab).
1.5.1.4 Feeding/ecological role
Plants employ a vast array of chemicals to deter herbivory and 
insects exhibit a variety of adaptions for overcoming these defensives. 
The importance of the cytochrome P-450 monooxygenase system in feeding 
behaviour was first demonstrated by Krieger et al. (1971). On the basis of 
aldrin epoxidase activity in midgut preparations from 35 species of 
lepidopterous larvae, these workers showed that the activity in poly- 
phagous larvae was higher than in oligophagous larvae which in turn showed 
higher activity than did monophagous larvae. This finding appeared to 
indicate the importance of monooxygenase activity in adaption to a wider 
variety of host plants.
nMany plants cause an induction in the midgut microsomal monooxygenase 
of the larvae feeding on them (Brattsten, 1979). This induction can be 
caused by the addition of the secondary plant metabolites themselves to a 
semi-defined artificial diet. The ecological significance of this induc­
tion was apparent from the observation that insects induced by feeding on 
pinene were more tolerant to the lethal effects of another secondary plant 
substance, nicotine, than those not induced. This induction is rapid and 
can be superimposed on the normal developmental pattern.
The advantage of this induction appears to be to facilitate adaption 
to additional host plants via detoxication of secondary plant substances. 
The detoxification power of this enzyme system is convincingly illustrated 
by the rapidity with which insects acquire resistance to a variety of 
synthetic insecticides. Pesticide technology is a relative newcomer in an 
arena of chemical warfare that has existed for millennia.
1.5.2 Activation and detoxification of xenobiotics
Much of the interest in insect cytochrome P-450 dependent mono­
oxygenase systems has been generated by their role in the metabolism of 
insecticides and the mode of action of synergists. From these studies it 
is apparent that the insect microsomal monooxygenases function as non­
specific xenobiotic metabolising systems and while many of the reactions 
are steps in an overall detoxifying process, some are activation reactions 
in which the products are more toxic than the parent compound. Some of the 
reactions that cytochrome P-450 dependent systems perform and the toxico- 
logical consequences of this upon several insecticides are shown in table 
1.2 .
Table 1.2 Insecticides metabolised by cytochrome P-450
Type of reaction Examples Toxicity of metabolite
Epoxidation
Aromatic Carbaryl Less
Alicyclic Aldrin Equal or more
Aliphatic Pyrethrin I Less
Heterocyclic Precocene I More
Hydroxylation
Aromatic Carbaryl Less
Alicyclic Nicotine Less
Aliphatic DDT, diazinon, Pyrethrin I Less
Heterocyclic Piperonyl butoxide A synergist
N-dealkylation Carbaryl monocrotophos Less
0-dealkylation Methoxychlor, tetrachlorvinphos Less
Desulphuration Parathion, diazinon More
Phosphoester cleavage Diazinon, parathion Less
S-oxidation Demeton-S-methyl More
1.5.3 Insecticide synergism
Synergists potentiate the activity of insecticidal molecules. The 
best known group of insecticide synergists are the methylene dioxyphenyl 
compounds, such as the commercial synergists piperonyl butoxide and 
sesamex as well as the plant secondary metabolites like safrole. Sun & 
Johnson (1960) on the basis of in vivo toxicity tests first suggested that 
these compounds functioned through inhibition of the oxidative metabolism 
of insecticides.
Piperonyl butoxide, in vivo or in vitro , forms a spectrally observ­
able complex that blocks CO binding (Franklin, 1971). This blocking of CO 
binding explains the apparent decrease in cytochrome P-450 following 
treatment of insects with methylene dioxyphenyl compounds (Matthews et 
al,, 1970), since the CO spectral interaction is the basis for cytochrome
P-450 determination. These compounds interact with cytochrome P-450 to 
give an oxidised type I spectrum which becomes a type III spectrum on
incubation with NADPH, although other interactions do occur (Kulkarni &
Hodgson, 1976). This type III spectrum seems certain to be related to the 
formation of a stable inhibitory complex; a general correlation exists 
between the existence of this complex and a decrease in apparent cyto­
chrome P-450 level and inhibition (Chang et al,, 1981).
Other groups of synergists appear to act on cytochrome P-450. For 
example, the 1,2,3-benzothiadiazoles inhibit epoxidation and hydroxylation 
by Spodoptera gut microsomes (Gil & Wilkinson, 1977) and the 1-alkyl
imidazoles inhibit aldrin epoxidase in Spodoptera midgut microsomes 
(Wilkinson et al,, 1974). The spectral dissociation constant for the type
II binding was one order of magnitude higher than the I50 values,
suggesting that these imidazole compounds depend on this high affinity 
binding to bring about inhibition rather than forming a metabolite 
inhibitory complex. Since for any of these analogues to be effective one 
of the imidazole nitrogens must be unsubstituted it is likely that one of 
such nitrogen atoms becomes bound to the haem iron of the cytochrome P- 
450.
1.5.4 Resistance and tolerance to toxicants
Resistance to toxicants is usually defined as an increase in the 
ability to survive the effects of a toxicant, this increase being brought 
about by genetic selection, either by the toxicant in question or by some 
other compound. Resistance increases from one generation to another until 
a maximum level is reached. Tolerance is seen when different unselected 
populations are compared relative to their ability to tolerate a specific 
toxicant. Differences in tolerances can be seen between separate popula­
tions of the same strain and species, if they have been exposed to 
differing circumstances, depending on the flexibility of the existing 
defence mechanisms and such tolerance may be temporary.
Either of these phenomena may be due to a variety of mechanisms; 
behavioural, physiological or biochemical. The biochemical mechanisms are 
usually associated with target site insensitivity or improved capacity to 
metabolically detoxify insecticides. These metabolic defences include the 
action of esterases and glutathione transferases as well as that of 
cytochrome dependent monooxygenases. Table 1.3 summarises these possible 
resistance mechanisms in insects.
Table 1.3 Resistance mechanisms in insects
Category Example or Site
BEHAVIOURAL Resting behaviour
Olfactory behaviour
PHYSIOLOGICAL
Reduced penetration 
Increased storage 
Reduced nerve sensitivity 
Increased excretion
BIOCHEMICAL
Reduced target sensitivity Choi inesterase
Receptor by-pass HCN in scale insects
Increase in non-oxidative enzymes Glutathione transferases and esterases
Increase in oxidative enzymes Cytochrome P-450 dependent monooxygenase
Cuticular 
Adipose tissue
Impulse transmission and 'knockdown' 
Nicotine
1.5.4.1 Tolerance
Differences in tolerance between species, attributable to cytochrome 
P-450, involve the quantitative or qualitative (or both) characteristics 
of the monooxygenase system. The role of cytochrome P-450 in tolerance to 
insecticidal' compounds is in the detoxification of these molecules via 
oxidative metabolism (section 1.5.2) and the development of such toler­
ance, within a species or strain, is usually by a process of induction 
(section 1.4). This induction of detoxifying processes by insecticidal 
compounds is that developed by insects throughout evolution to facilitate 
adaption to host plants (section 1.5.3).
Cytochrome P-450 induction by plant secondary metabolites has been 
observed in a variety of insect herbivores. The monoterpenes pulegone, 
menthone and menthol increase cytochrome P-450 levels in the variegated
cutworm (Peridroma saucia ) and this increased the extent of the type I 
binding spectra obtained with pulegone and menthone (Moldenke et al., 
1983). This induction has also been demonstrated in the Southern armyworm 
(Spodoptera eridania ) with carrot foliage allelochemicals (Brattsten et 
al., 1984) and parsnip and parsley leaves (Yu, 1984), tobacco budworm
[Heliothis virescens ) with wild tomato leaves (Riskallah et al., 1986ab)
and the boll weevil (Anthonomus grandis grandis ) with cotton allelo­
chemicals (Brattsten, 1987ab).
Induction of cytochrome P-450 by insecticidal compounds has been 
shown in the yellow mealworm (Tenebrio molitor ) by aldrin and endosulfan
(Egaas et al., 1988ab), in houseflies by DDT (Perry et al., 1971) and
by methylene dioxyphenyl compounds in the Southern armyworm (Marcus et 
al., 1986). However these insecticides have not been shown to induce their 
own metabolism in insects, causing lethal effects before the inductive 
process can be utilised in vivof suggesting that this induction may not
play a role in the development of tolerance (or resistance). The alleo- 
chemicals in the crop plant can, however, induce the cytochrome P-450 
and confer tolerance to pesticides in laboratory experiments (Yu, 1982; 
1983). These processes may be important in the development of tolerance in 
the field situation and thereby may have a role in the development of 
resistance to insecticides.
1.5.4.2 Resistance
Resistant strains develop through the survival and reproduction of 
individuals carrying a genome altered by one or more of many possible 
mechanisms that allow survival after exposure to an insecticide. The 
selective pressure exerted by extensive use of the insecticide sharply 
increases the frequency of the genetic condition expressed as resistance 
within the exposed population.
Insects have developed resistance to all major classes {eg arsenic- 
als, cyanide, DDT, lindane, cyclodienes, organophosphates, carbamates and 
pyrethroids) of insecticides and will probably develop resistance to 
future insecticides. Insecticides are used extensively in situations that 
otherwise favour rapid pest reproduction and the insecticide becomes the 
only major selecting agent. Insects have a complex of general purpose 
defensive processes to overcome the potential toxicity of the plants or 
decaying materials they eat of which the cytochrome P-450 dependent 
monooxygenase is but one. Cytochrome P-450 is implicated as a major factor 
in most cases of metabolic resistance to carbamates and can also detoxify 
organophosphates, pyrethroids, DDT and other insecticides.
The observation that a carbaryl/sesamex combination could reverse 
resistance (Eldefrawi et al., 1960) first indicated that monooxygenase
activity might be important since methylene dioxyphenyl compounds had been 
shown to be inhibitors of cytochrome P-450 in vivo and in vitro (section
1.5.3). Reversal of inhibition with piperonyl butoxide and other syner­
gists has frequently been used to demonstrate the involvement of high 
oxidase activity in resistance. Although for reasons of specificity and 
multiplicity of cytochrome P-450, as well as possible non-specific effects 
on membranes, synergists should not be used alone in in vivo investi­
gations of resistance mechanisms (Wilkinson, 1983). For example, an 
absence of enhanced detoxification of permethrin Was seen in pyrethroid 
resistant houseflies despite the apparent implication of a cytochrome P- 
450 metabolic resistance (De Vries & Georghiou, 1981). The cytochrome P- 
450 content in this strain of housefly was found to be twice that of its 
susceptible counterpart and a 12-fold synergism with piperonyl butoxide 
was also reported. However, in vitro metabolism studies showed that there 
was no difference between strains in the overall metabolism of permethrin 
(De Vries & Georghiou, 1981). These workers concluded that the major 
resistance factor was a decreased sensitivity of the nervous system to the 
action of pyrethroids.
Quantitative differences in cytochrome P-450 content between resis­
tant and susceptible strains have been reported for many insect species 
(El-Oshar et al. f 1987; Feyereisen, 1983; Tsukamoto & Casida, 1967). Since 
the cytochrome P-450 dependent monooxygenase system is of broad specifi­
city, its high level in many resistant strains is a probable cause of 
cross resistance. A diazinon selected housefly strain showed increased 
ability to oxidise DDT (Oppenoorth & Houx, 1968), hydroxylate naphthalene 
and epoxidise aldrin (Schonbrod et al., 1968) and a dimethoate-selected
strain of the same species showed increased capacity for microsomal 
oxidation of juvenoids, aldrin and dihydroisodrin (Hammock et al., 1977).
The Rutgers strain of housefly, resistant to diazinon, has an increased 
ability to oxidise N,N-dimethyl-p-nitrophenylcarbamate as well as diazinon 
itself and has a high level of cytochrome P-450 (Folsom et al., 1970).
Housefly strains Fc, bwb, stw and R-Baygon, bwb,ocra have high NADPH 
dependent oxidase activity yet their cytochrome P-450 does not exceed the 
levels seen in susceptible strains (Plapp & Casida, 1969). No resistant 
strains have more than a two-fold increase in cytochrome P-450 content 
although the detoxication rates as measured by enzymatic assay are 
frequently several times the susceptible values. This indicates the 
importance of qualitative differences in isoenzyme complement in cyto­
chrome P-450 dependent resistance.
Qualitatively different cytochrome P-450 was first described in the 
multiresistant Diazinon-R housefly strain (Perry & Buckner, 1970). This 
has been demonstrated in many other studies (Feyereisen, 1983; Perry et 
al., 1971; Philpot & Hodgson, 1972; Tate et al., 1974; Yu & Terriere,
1979). The characterisation of the difference between resistant and 
susceptible forms has yielded only a crude comparitive definition. Relying 
on properties like the maximum wavelength of the CO adduct, the extent of 
type II and type III binding and the presence of type I binding spectra. 
No specific enzymatic reactions or resistance characteristic has been 
fully correlated with a form of cytochrome P-450 present in a resistant 
strain of insect.
From studies of multiplicity and induction in insect cytochrome P- 
450 it is clear that genes control the synthesis of different forms of the 
cytochrome rather than the physical characteristics or catalytic proper­
ties of a single form. The relevance of this in resistance is obvious 
although little has been clearly established. The genes associated with
high oxidase resistance have been located on chromosomes II and V (Plapp, 
1976; Plapp et al., 1976). More recent work confirmed the presence of the 
gene for a resistance related cytochrome P-450 on chromosome II, and also 
provided evidence for regulatory loci mapped on chromosome III (Waters & 
Nix, 1988). The molecular mechanisms of resistance related to cytochrome 
P-450 are at present unclear even though it is apparent that cytochrome P- 
450 plays an important role in the resistance of many strains of insect 
species to insecticides.
1.6 Aims of this study
Most commercial and academic interest in cytochrome P-450 in insects 
is concerned with its role in the metabolism of pesticides and development 
of resistance. The endogenous role of cytochrome P-450 in the insect is 
also an area of much interest because these endogenous systems are
potential targets for insecticidal compounds. Additionally the biotrans­
formation of xenobiotics has relevance for mutagenicity testing (Baars,
1980), since insects are used in a number of short term screening tests.
The housefly is a polyphagous insect that is a suitable model for the 
study of cytochrome P-450 in insects in addition to being a target for 
commercial insecticide development itself. As such, the microsomal cyto­
chrome P-450 (being quantitatively more important) from a 'wild type'
strain of the housefly was studied.
The nature of the cytochrome P-450 can be investigated initially by 
studying the substrate specificity of cytochrome P-450 dependent reactions 
in these housefly microsomes and the microsomal response to inducing
agents. The cytochrome P-450 in mammalian microsomes has been far more 
extensively studied than that in insects. Catalytic and structural comp­
arisons to these better understood systems could in turn extend the 
understanding of the parallel system in insects. To then further investi­
gate the mixed function oxidase in insects the components (particularly 
the cytochrome P-450) should be isolated and characterised and the active 
system reconstituted from the individual elements.
By the approaches outlined above the cytochrome P-450 dependent mixed 
function oxidase system of the housefly was examined.
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CHAPTER 2
HOUSEFLY MICROSOMAL CYTOCHROME P-450
The characterisation of housefly microsomal monooxygenase activities and 
the effect of pretreatment with the inducing agents phenobarbital and
clofibrate
2.1 Introduction
The cytochrome P-450 dependent metabolic activity in insects has been 
widely studied in many species and strains. Most biotransformations 
studied have been of direct endogenous relevance such as the metabolism of 
ecdysone (section 1.5.1.1.2) and juvenile hormones (section 1.5.1.1.1) or 
those reactions detoxifying (or activating) pesticidal compounds (section 
1.5.2) and thereby involved in resistance or tolerance (section 1.5.4). 
Although it is clear from such work and studies on induction that 
multiplicity is an important factor no specific reaction has been attri­
buted to a particular isoenzyme. In contrast specific reactions have been 
identified in mammalian systems eg lauric acid hydroxylation at the 12- 
position catalysed by cytochrome P-450IVA1 (Tamburini et al,, 1984),
ethoxyresorufin O-deethylation catalysed by cytochrome P-450 family I 
(Guengerich et al., 1982). By measuring these and other 'isoenzyme marker' 
activities the cytochrome P-450 in the housefly may be characterised and 
compared to that found in mammalian tissues.
2.2 Materials
2.2.1 Chemicals
Amersham Radiochemicals (Buckinghamshire, UK): (1-14C) Laurie acid and
(4-14C) testosterone.
British Drug Houses Ltd (Poole, Dorset, UK): EDTA, potassium chloride,
potassium cyanide, potassium ferricyanide, potassium phosphate, semi- 
carbazide, sodium carbonate, sodium chloride, sodium dithionite, sodium 
potassium tartrate, sodium hydrogen carbonate and sodium succinate.
Fisons (Loughborough, Leicestershire, UK): Acetic acid, acetone, acetyl- 
acetone, benzene, dichloromethane, diethylether, ethanol, glycerol, HCl, 
hexane, methanol and trichloroacetic acid.
Sigma Chemical Co. Ltd (Poole, Dorset, UK): Benzphetamine, bovine cyto­
chrome oxidase, bovine serum albumin, clofibric acid, cytochrome c, 
dithiothreitol, ellipticine, formaldehyde, lauric acid, NADH, NADPH, 
phenobarbital, phenylmethylsulphonylflouride (PMSF), testosterone and Tris 
(Trizma base).
Methoxyresorufin, resorufin and miconazole were a kind gift from Dr 
A.D. Rodrigues (University of Surrey, Guildford), aldrin and dieldrin were 
a kind gift from Dr C.J. Brealey (Wellcome Research, Berkhamsted, Hert­
fordshire). Granulated sugar and milk powder were bought from Sainsbury's.
2.2.2 Experimental animals
Insects (housefly, Musca domestica ) were provided in pupal form by 
Wellcome Research, Berkhamsted. These were a 'wild type' susceptible 
strain (WRL).
The houseflies were kept at 25°C on a 14 hour light/10 hour dark
cycle with approximately 1.000 flies per muslin cage (0.125 m3). Humidity
i/
was kept high by the application of a humidifier six times a day. The feed 
was granulated sugar and powdered milk, with water provided ad libitum and 
inducing agents where appropriate were added in the drinking water.
2.3 Methods
2.3.1 Isolation of housefly microsomes
In insects cytochrome P-450 has been demonstrated in the midgut, fat 
body and Malpighian tubules; in the adult housefly all of these are
present in the abdomen. The process of dissection to give an abdomen only
preparation is not suitable when isolating the microsomes from a large 
number (typically 3000) of insects. A process that enables the rapid 
handling of such a large number of flies was devised.
Houseflies (males and females) were harvested and then chill­
ed/killed by freezing at -22°C for 10 minutes. These insects were placed 
in a steel jar with blocks of solid carbon dioxide and shaken for two 
minutes. This separated the head, thorax and abdomen and ground the wings
and legs to a powder without actually breaking up the abdomens. This
mixture was sieved on a 2mm grid which removed the heads, a source of the 
eye pigment and cytochrome P-450 inhibitor xanthomattin (Schonbrod & 
Terriere, 1971), and left a mixture consisting of abdomens and thoraces. 
It was not possible to separate the abdomens and thoraces in a similarly 
efficient manner; Ronis et al. (1988) reported a method based on the 
differential flotation properties, although this gives a fairly clean 
abdomen only preparation it results in a low yield of abdomens.
All the remaining steps were carried out at 4°C. The mixture of 
abdomen and thoraces were then homogenised in 50mM Tris-HCl (pH 7.5), 20%
(v/v) glycerol, ImM EDTA and 0.4mM PMSF. The nature of this homogenisation
had a great bearing on the constitution of the final microsomal suspension 
due to the apparent fragility of housefly mitochondria. Contamination of 
the microsomes with mitochondrial fragments was increased with more 
vigorous methods of homogenisation. Light contamination (figure 2.1) was 
achieved by a gentle procedure with mortar and pestle, although these 
microsomes gave a lower yield in terms of nmoles of cytochrome P-450 per 
fly they were suitable for most experimental procedures. Heavy contamina­
tion (figure 2.2) was achieved either accidentally by too vigorous action 
with mortar and pestle or deliberately by use of a motor driven Potter 
Elvehjem glass teflon homogeniser (three strokes). These latter microsomes 
had the maximum yield of cytochrome P-450 and were therefore suitable 
starting material for the solubilisation of insect cytochrome P-450. The 
contamination of the microsomes by fragmented mitochondria was most 
evident from the reduced carbon monoxide difference spectrum where the 
cytochrome oxidase reduced carbon monoxide difference spectrum (figure
2.3) interferes with that of cytochrome P-450 (figures 2.1 and 2.2).
The initial brei was filtered through nylon bolting cloth then 
subjected to differential centrifugation essentially the same as that used 
for mammalian preparations (Remmer et al., 1966). Successive spins at
lOOOgav. for 10 minutes and lOOOOgav. for 20 minutes spun down the 
nuclear/cell debris and mitochondrial fractions respectively. A final spin 
at lOOOOOggv. for 60 minutes pelleted the microsomal fraction and left the 
cell sap/cytoplasm in suspension. The microsomal pellet was resuspended in 
50mM Tris-HCl buffer (pH 7.5), 20% (v/v) glycerol, lmM EDTA and 0.4mM
PMSF, to give a final microsomal suspension of approximately 20mg.ml_1 
and stored at -80°C until needed.
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Figure 2.1 Light mitochondrial contamination
The reduced carbon monoxide difference spectra of microsomes prepared 
by gentle homogenisation procedure demonstrating very little (A) or slight 
(B) contamination from mitochondrial components.
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Figure 2.2 Heavy mitochondrial contamination
The reduced carbon monoxide difference spectra of microsomes prepared 
by vigorous homogenisation demonstrating significant (A) and very heavy 
(B) contamination from mitochondrial components.
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Figure 2.3 Reduced carbon monoxide difference spectrum of cytochrome 
oxidase
The reduced carbon monoxide difference spectrum of purified bovine 
heart cytochrome oxidase, this spectrum shows similarities to that in 
figure 2.2(B) and is the probable cause of spectral interference with 
cytochrome P-450 analysis in microsomal preparations.
2.3.2 Spectral assays
All spectral assays were carried out on a Kontron-Uvikon 860 split
beam spectrophotometer, scan processing and calculations were performed on 
the same machine.
2.3.2.1 Cytochrome P-450
Cytochrome P-450 was routinely determined as the reduced carbon 
monoxide adduct (Omura & Sato, 1964). Microsomes were diluted with 50mM 
Tris-HCl buffer (pH 7.5), 20% (v/v) glycerol to give a protein concent­
ration of 2-3 mg.ml-1. Reduction to the ferrous form of the haemoprotein 
was achieved by the addition of several grains of sodium dithionite. The 
sample was then split between two cuvettes and a baseline recorded. Carbon 
monoxide was bubbled through the sample cuvette for approximately one
minute and then rescanned. The concentration of cytochrome P-450 was 
calculated using the difference extinction coefficient (450-490nm) of 91 
mM-1cm-1.
This method of cytochrome P-450 determination led to an under 
estimation of the content in microsomes that had significant mitochondrial 
contamination (figure 2.2) since the cytochrome oxidase trough at 445nm 
masked part of the cytochrome P-450 peak, both reducing the height and 
shifting the peak wavelength toward 460nm. In such circumstances the
cytochrome P-450 content could be accurately estimated by the second 
derivative method of Sanderink & van Rijn (1985) as modified by Ghersi- 
Egea et al. (1987).
This procedure involves the second derivative of the dithionite 
difference spectra (figure 2.4). For this analysis both cuvettes were 
gassed with carbon monoxide and only the sample cuvette was reduced with 
sodium dithionite in an analogous manner to that described above. The
cytochrome P-450 content in the microsomes can be estimated from the 
following formula:
Q = A (  1 / E  ) 1 O  3 k d
Q .... The quantity of cytochrome P-450 (nmol.ml"1).
A .... 458-450 (abs.nm2) expressed as a percentage.
E .... Extinction coefficient (91mM~1cm"1).
k .... A constant derived from the sampling interval, at the usual
sampling interval of lnm-1, k = 0.5.
d .... The dilution factor of the microsomes.
The extinction coefficient used is the same as for conventional 
cytochrome P-450 determinations since this mathematical process merely 
estimates the true absorbance of~the shoulder at 450nm with respect to the 
baseline.
2.3.2.2 Cytochrome P-450 reductase
The activity of the flavoprotein cytochrome P-450 reductase was 
determined by the method of French & Coon (1979), according to its ability 
to reduce cytochrome c.
The sample was diluted with lOOmM Tris-HCl buffer (pH 7.5) and 0.2ml 
of this and 1.0ml of cytochrome c (O^mg.ml"1) was added to each cuvette.
The volume was made up to 2.9ml in the sample and 3.0ml in the reference
cuvette with the above Tris buffer. The reaction was followed at 550nm 
until a baseline was established and then 0.1ml of NADPH (20mg.ml-1 in 1% 
w/v NaHC03) was added to the sample cuvette and the initial velocity was 
measured. The activity was calculated using the extinction coefficient for 
reduced cytochrome c of 18.5mM_1cm_1. To prevent reoxidation of reduced 
cytochrome c (observed in mitochondrial fractions) potassium cyanide 
(l.Onmol.ml"1 final concentration) was added to each cuvette.
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Figure 2.4 Determination of cytochrome P-450 content by second 
derivative spectroscopy
From the carbon monoxide dithionite difference spectrum the cyto­
chrome P-450 can be seen as a shoulder on the peak from cytochrome 
oxidase. The second derivative allows this shoulder to be quantitated: A, 
abs.nm2 458-450 expressed as a percentage of 1.0 abs unit.nm2 = 0.166; 
E = 91mM_1cm_1; k, sampling interval was lnm-1 k = 0.5; d, dilution 
factor = 3.5. Quantity of cytochrome P-450 in microsomes = 3.2 nmol.ml-1.
2.3.2.3 Succinate dehydrogenase
Succinate dehydrogenase was assayed by the method of Singer (1974) 
by its reduction of ferricyanide with succinate.
The cuvette contained 0.5ml of 50mM Tris-HCl (pH 7.5), 0.3ml of
0.2M sodium succinate (pH 7.5), 0.3ml of 0.01M potassium cyanide (pH
7.0) and 0.2ml of the sample (appropriately diluted in the Tris buffer) 
and 1.7ml of distilled water. After preincubation at 25°C the reaction was 
initiated by the addition of 0.05ml of 0.1M potassium ferricyanide and 
followed at 450nm. The activity was calculated using the extinction 
coefficient for reduced ferricyanide of 0.262mM-1cm_1.
2.3.2.4 Cytochrome b5
Determined by the difference of the ferrous relative to the ferric 
form (Omura & Sato, 1964).
The microsomes were diluted with 50mM Tris-HCl (pH 7.5) containing 
sodium succinate to give a final succinate concentration of lOmM. The 
sample was divided between two cuvettes and a baseline recorded between 
400 and 500nm. Reduction of the cytochrome b5 was achieved by the addition 
of 0.025ml of 2% (w/v) NADH in 1% (w/v) NaHC03 to the sample cuvette. The 
sample was rescanned until there was no further spectral development at 
424nm. This procedure obviates the problems of non-specific colour forma­
tion in the microsomes and negates the effects seen in microsomes 
contaminated with mitochondrial cytochromes. The concentration of cyto­
chrome b5 was calculated from the extinction coefficient of 112mM_1cm-1 
for the wavelength couple 424-490nm.
2.3.2.5 Protein determination
Protein concentrations were determined by the method of Lowry et al. 
(1951) with compensation made for any interfering substances (Peterson, 
1979) using bovine serum albumin as standard.
2.3.2.6 Benzphetamine N-demethylation
Benzphetamine N-demethylase activity was measured by the formation of 
formaldehyde, which was quantitated by the method of Nash (1953).
The assay system contained 0.49ml of^Tris-HCl buffer (pH 7.5), 0.2ml
of 2% (w/v) neutralised semicarbazide, 0.1ml of benzphetamine (at the
appropriate concentration; fixed substrate concentration was ImM) and 
0.2ml of microsomal sample diluted to lnmol.ml-1 of cytochrome P-450. A 
standard curve was obtained by the addition of formaldehyde instead of 
substrate. After preincubation at 25°C 0.01ml of 50mM NADPH in 1% (w/v)
NaHC03 was added, except to the metabolism blank and standard curve. After 
incubation at 25°C 1ml of 12.5% (v/v) TCA was added to stop the reaction 
and precipitate the protein and then centrifuged at 2500gav. for 15 
minutes to pellet the protein. The supernatant (0.5ml) was mixed with 
0.5ml of Nash reagent (150g ammonium acetate and 2ml acetylacetone 
adjusted to pH 6 with acetic acid in 1 litre of distilled water) and 
heated in the dark at 58°C for 10 minutes. When cool, the colour was read 
at 412nm and the concentration of formaldehyde formed was calculated by 
interpolation on the standard curve.
2.3.3 Radiochemical assays
Radiochemicals were detected using either a Berthold LB503 
Radiodetector (Berthold, UK) containing a 0.2ml flow cell or a Berthold 
tic plate scanner (Berthold, UK).
2.3.3.1 Laurie acid hydroxylation
The metabolism of lauric acid to 11- and 12-hydroxy la ted products was 
evaluated using either tic or hplc as described by Parker & Orton (1980).
The 2ml incubation volume contained (1-14C) lauric acid (lOOnCi in 
0.01ml methanol) and O.lmM 12C lauric acid (200mM stock solution diluted 
appropriately in 0.5M Tris-HCl buffer, pH 7.4; fixed substrate 
concentration was lOOnmol.ml-1); 0.4nmol of microsomal cytochrome P-450 
was used per assay. The tubes were preincubated for 5 minutes at 25°C 
prior to the addition of 0.04ml of 40mM NADPH in 1% (w/v) NaHC03 to
initiate the reaction. After incubation the reaction was terminated by the 
addition of 0.3ml of 3M HCl.
Diethylether (10ml) was then added to the incubation mixture followed 
by mixing on a rotary shaker for 20 minutes. The tubes were then spun at 
lOOOgav. for 5 minutes to clarify the phases after which the upper (ether) 
layer was transferred to a test tube and evaporated to dryness under a 
stream of nitrogen, 
hplc method
The dried ether extracts were reconstituted in 0.15ml of hplc eluting 
solvent (water:methanol:acetic acid, 45:55:0.05 by volume) of which 0.1ml 
was injected onto a reverse phase Microbondapak MCH-10 column (30 x 0.4cm, 
Varian Associates Ltd, Walton-on-Thames, UK). The 11- and 12-hydroxy 
metabolites were resolved using the following gradient programme:
Time (min) % Water* % Methanol
Start 45 55
25 45 55
35 0 100
40 0 100
45 45 55
Containing 0.1% (v/v) glacial acetic acid
The flow rate was lml.mirr1. Quantitative analysis of the metabolites 
was performed by a Commodore PET (series 4000) interfaced to the detector. 
The 11- and 12-hydroxylauric acids were successively eluted followed by 
the unchanged lauric acid. The rate of hydroxylation was calculated from 
the fractional conversion of substrate to 11- and 12-hydroxy products 
obviating the need for the estimation of recovery of radioactive products, 
tic method
Alternatively the dried ether extracts were reconstituted in 0.1ml of 
methanol, of which 0.025ml was spotted onto silica gel GF-250 plates 
(Merck, 20x20cm). The plates were developed in hexanerdiethylether:acetic 
acid (70:28:1.5 by volume) with the solvent front being allowed to migrate 
18cm up the plate. This method separated the lauric acid from the 
metabolites but left the 11 and 12-hydroxylauric acid unresolved from 
each other.
2.3.3.2 Testosterone hydroxylation
Testosterone hydroxylation was determined by the method of Shiverick 
& Neims (1979) using (4-14C) radiolabelled testosterone.
Each 1ml incubation mixture contained 250nCi of radiolabelled testos­
terone (added in benzene and then evaporated to dryness under a stream of 
nitrogen), 12C testosterone (lOOmM stock solution diluted appropriately; 
fixed substrate concentration was lOOnmol.ml-1) in 0.01ml of ethanol, 
0.2nmol of cytochrome P-450 and 0.5ml of 50mM Tris-HCl buffer (pH 7.5). 
After preincubation at 25°C for 5 minutes the reaction was initiated by 
the addition of 0.02ml of 40mM NAD PH in 1% (w/v) NaHC03. The reaction was 
terminated by the addition of 5ml of dichloromethane and mixed for 20 
minutes on a rotary shaker. This was then centrifuged at lOOOgav. for 5 
minutes to clarify the phases and the organic (lower) phase was removed 
and concentrated to 0.1ml under a stream of nitrogen. An aliquot (0.05ml)
of this was spotted onto silica gel GF-250 plates (Merck, 20x20cm) and 
developed twice with dichloromethane:acetone (75:25 by volume) allowing 
the solvent front to migrate 16cm up the plate. Only the major metabolites 
were identified by comparison of the Rf values to those published for this 
separation (Darby et al., 1986).
2.3.4 Methoxyresorufin O-demethylation
The O-demethylation was determined spectrofluorimetrically according 
to the method of Burke et al. (1977) using the difference in fluorescent
properties of methoxyresorufin and the product resorufin.
The assay system contained 2ml of 0.1M Tris-HCl buffer (pH 7.7), 
0.4nmol of cytochrome P-450 and the methoxyresorufin in methanol (fixed 
substrate concentration was 5nmol.ml_1). The assay was performed in the 
thermostatically controlled cuvette housing of a Perkin-Elmer MPF-3 fluor- 
imeter, set at an excitation wavelength of 510nm and an emission wave­
length of 586nm. After preincubation at 25°C for 2 minutes and the 
establishment of a steady baseline the reaction was initiated with 0.01ml 
of 50mM NADPH in 1% (w/v) NaHC03 and the production of resorufin with time 
monitored as the increase in fluorescence at 586nm. The fluorimeter 
response was calibrated with an authentic resorufin standard.
2.3.5 Aldrin epoxidation
Aldrin epoxidation was determined by essentially the method of Yu et 
al. (1971).
Each 1ml incubation contained 0.2nmol of cytochrome P-450, 50mM Tris- 
HCl buffer (pH 7.5) and aldrin in 0.01ml of ethanol (fixed substrate 
concentration was 50nmol.ml_1). After preincubation at 25°C for 5 minutes 
the reaction was initiated by the addition of 0.02ml of 50mM NADPH in 1%
(w/v) NaHC03. The reaction was terminated by the addition of 2ml of
acetone then the aldrin and its metabolites were extracted with 5ml of 
diethylether (twice) and evaporated to dryness under a stream of nitrogen. 
After resuspension in hexane a sample was analysed using a Hewlett-Packard 
5730A with 7670A/71A autosampler on a 2m OV101 5% Gas-Chrom Q, 80-100 mesh 
packed column. The operating conditions were: column temperature 180°C,
injector port 200°C, electron capture detector 200°C and nitrogen carrier 
gas rate, 50ml.min-1. The peaks were integrated using a Sinclair Spectrum 
computer interfaced (Harley Systems data system) to the detector analogue 
output.
The major product was identified by the commonality of its retention 
time with that of authentic dieldrin. The rate of epoxidation was 
calculated from the fractional conversion of substrate to dieldrin 
obviating the need for the estimation of recovery.
2.4 Results
2.4.1 Subcellular localisation of enzyme activities
The distribution of representative mitochondrial and microsomal 
marker enzymes is shown in figure 2.5. A considerable proportion of the 
total activity of both of these enzymes was present in the cell 
debris/nuclear fraction. This is probably due to incomplete homogenisation 
of the tissue, due to the gentle homogenisation procedures used. The 
presence of NADPH-cytochrome P-450 reductase in the cell sap is probably 
indicative of insufficient centrifugal force to sediment the entire 
microsomal population. The microsomal fraction is considerably enriched 
with NADPH-cytochrome P-450 reductase but the relative specific activity 
of the succinate dehydrogenase shows that there is clearly some mitochon­
drial contamination of the microsomes. Cross contamination of subcellular 
particles to some extent with this procedure is inevitable.
Despite this it can be seen from figure 2.6 that lauric acid 
hydroxylase activity is of a microsomal nature, the case for testosterone 
hydroxylation is not as clear. The latter activity appears to be both 
mitochondrial and microsomal. The oxidative metabolism of the insect 
steroid hormone, ecdysone, has been shown to be located in both the 
mitochondrial (Srivatsan et al., 1987) and microsomal (Blais & Lafont,
1986) fractions in locusts (although this is an area of some controversy - 
see section 1.5.1.1.2). The isoenzyme(s) responsible for the metabolism of 
testosterone in the housefly may share such a distribution.
The benzphetamine N-demethylation, aldrin epoxidation and methoxy­
resorufin O-demethylase activities (results not shown) demonstrated a 
similar pattern of subcellular distribution to that of lauric acid and 
appear to be also of a microsomal nature.
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Figure 2.5 Subcellular fractionation by differential centrifugation
The profiles of mitochondrial (succinate dehydrogenase) and
microsomal (NADPH-cytochrome P-450 reductase) markers.
The ordinate scale (relative specific activity) is obtained by
dividing the enzyme activity in the fraction (expressed as a percentage of
the total activity in all the fractions) by the percentage of protein in
that fraction.
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Figure 2.6 Subcellular fractionation by differential centrifugation
The profiles of total testosterone hydroxylase activity and total 
lauric acid hydroxylase activity.
The ordinates were evaluated in the same manner as in figure 2.5.
2.4.2 Role of cytochrome P-450 in hydroxylation reactions of housefly 
microsomes
Benzphetamine N-demethylation, lauric acid and testosterone 
hydroxylation, methoxyresorufin O-demethylation and aldrin epoxidation all 
required the cofactor NADPH for activity (table 2.1). These requirements 
and the low activity observed in conditions of limiting oxygen 
(shown in each case but for aldrin epoxidation) are consistent with the 
established properties of cytochrome P-450 enzyme systems.
Ellipticine a general and potent inhibitor of cytochrome P-450 
enzymes (Guenthner et al., 1980) inhibited the above activities (table
2.1) at low concentrations and at 1 x 10"5M almost completely inhibited 
lauric acid hydroxylation and benzphetamine N-demethylation. The imidazole 
fungicide, miconazole, an efficient cytochrome P-450 inhibitor in fungi 
which at higher concentrations is also effective in mammalian species 
(Murray et al., 1982), caused inhibition of the hydroxylation reactions in 
the housefly (table 2.1).
From these results it is highly likely that these activities are 
cytochrome P-450 dependent.
Methoxyresorufin O-demethylase, lauric acid hydroxylase and benzphe­
tamine N-demethylase reactions were only weakly supported by NADH alone. 
Testosterone hydroxylation was driven nearly 50% as well with NADH than 
with NADPH. These activities were elevated between 150 and 200% in the 
presence of NADH and NADPH as compared to NADPH alone. This suggests that, 
as in mammalian systems (Cohen & Estabrook, 1971), cytochrome b5 may play 
a role in electron transfer to cytochrome P-450.
The drug metabolising system in housefly microsomes shares many 
features attributed to cytochrome P-450 dependent reactions and resembles 
that present in mammalian microsomes.
Table 2.1 Properties of microsomal monooxygenase activities in the 
housefly
Each value is the average of two determinations (measured at a fixed 
substrate concentration) and is expressed as a percentage of the appro­
priate control value. NADPH and 02 are present in all circumstances except 
where specifically stated.
Benzphetamine N- Methoxyresorufin Total lauric acid Total testosterone Aldrin
demethylation O-demethylation hydroxylation hydroxylation epoxidation
Control 100a 100b 100c 100d 100e
-NADPH 0 0 2 4 1
NADH (ImM) 
alone
20 17 12 48 -
NADH + NADPH 157 174 197 223 -
- 0 2* 2 6 0 0 -
Ellipticine 
(1 x 10-6M)
74 63 75 79 -
Ellipticine 
(1 x 10-5M)
3 14 6 20 -
Miconazole 
(5 x 10-5M)
48 57 74 81 -
Miconazole 
(1 x 10'4M)
12 16 46 53
a 4.2 nmol.min-1.nmol P-450-1 b 0.05 nmol.min-1.nmol P-450-1
c 14.1 nmol.min-1.nmol P-450-1 d 0.7 nmol.min-1.nmol P-450-1
e 0.5 nmol.min-1.nmol P-450-1
Not completely anaerobic (incubation mixture was saturated with N2)
2.4.3 Induction
2.4.3.1 Quantitative changes
The cytochrome P-450 content (0. lnmol.mg-1 protein) in housefly
microsomes (table 2.2) is much lower than that observed in the rat (0.7- 
1.0 nmol.mg-1; Omura & Sato, 1964) but is comparable to that seen in other
susceptible strains of housefly (Kulkarni & Hodgson, 1975). Cytochrome b5
content was comparable to that of cytochrome P-450 and although lower than 
that seen in the rat (Omura & Sato, 1964) gave a high P-450:b5 ratio of 
approximately 1:1 (rat ratio is typically 2:1).
The effect of the inducing agents phenobarbital, 0.1% (w/v), and
clofibrate, 0.2% (w/v) in the drinking water, on the microsomal compon­
ents of the monooxygenase system are shown in table 2.2. Only pheno­
barbital caused any gross quantitative changes, increasing the cytochrome 
P-450 content approximately two-fold and the NADPH-cytochrome P-450 reduc­
tase activity three-fold. There were no other significant changes. The 
induction of cytochrome P-450 was maximal after six days then tailed off 
in a similar pattern to the natural development seen in the untreated
adult housefly (figure 2.7).
Phenobarbital appeared to exert a toxic effect on the insects
reducing the survival rate under these conditions (section 2.2.2), but
clofibrate had no such immediately apparent effect.
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Table 2.2 Induction of microsomal components of the monooxygenase 
system by phenobarbital and clofibrate
The values are the mean of three separate determinations + the 
standard deviation.
Pretreatment
Control Phenobarbital Clofibrate
Cytochrome P-450
specific content 0.10 + 0.02 0.24 + 0.04 ** 0.11 + 0.01
(nmol.mg-1)
NADPH-cytochrome
P-450 reductase 148 ± 24 462 + 43 ** 137 + 18
(units.mg-1)
Cytochrome b5
specific content 0.09 + 0.01 0.12 + 0.03 0.10 + 0.01
(nmol.mg-1)
** p < 0.01
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Figure 2.7 Induction of cytochrome P-450 by phenobarbital
Values are the average of two determinations from 100 houseflies.
2.4.3.2 Qualitative changes
Phenobarbital pretreatment causes a specific induction (since activi­
ties are expressed in terms of nmoles of cytochrome P-450 the quantitative 
change in cytochrome P-450 level is negated) of benzphetamine N-demethyl- 
ation (table 2.3). This induction is similar in effect and extent to that 
observed in rat hepatic microsomal systems, although the actual activities 
are slightly lower, the increase in the Vmax is accompanied by a decrease 
in the apparent Km (figure 2.^). Phenobarbital cause no other changes in 
the specific activities of these reactions studied.
The hydroxylation of lauric acid gave rise to two products 11 and 12-
hydroxy lauric acid in the ratio 1:3 respectively in untreated insects.
Although clofibrate-pretreatment caused no gross quantitative changes in
the complement of the microsomal enzymes its inductive effect became
apparent when the catalytic activity was considered (table 2.3). In an
analogous manner to that seen in rat hepatic systems (Gibson et al., 1982)
clofibrate-pretreatment resulted in a four fold increase in lauric acid
1 9
hydroxylase activity and a concomitant decrease in the Km (figure 2.f), 
with an increase in 12-hydroxylase being responsible for most of the 
induction. The turnover for lauric acid is high in the control and the 
induced situation both in comparison to that reported in rat hepatic 
microsomes (Gibson et al., 1982) and to that observed previously in the
housefly (flonis et al. r 1988). Ronis et al. (1988) reported that lauric 
acid hydroxylase activity exhibited one of the highest turnovers in their 
strain of housefly, although their figures were not as high as those in 
table 2.3. This may be partly explained by the low fixed concentration of 
lauric acid (30nmol.ml-1) used in their incubation mixture. There may also 
be strain differences, their 'wild type' strain had a higher activity than 
the resistant Rutgers strain (Ronis et al., 1988).
Testosterone hydroxylation led to the production of many products the
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Figure 2.8 Comparison of the tic profiles of testosterone metabolites 
from rat hepatic and housefly microsomes
Both rats and houseflies were untreated controls.
The formation of androstenedione was not NADPH dependent.
Key: OHT .... hydroxylated testosterone 
T .... testosterone
identities of all of these was not clear. From the Rf values the major 
products appeared to be 7- and 2-hydroxy testosterone accounting for 80% 
of the metabolism between them. Other metabolites were visible from the 
tic profile (figure 2.8) and the metabolite profile differed to that seen 
with hepatic microsomes from male Wistar rats mainly in the high 7- 
hydroxylase and low 16-hydroxylase activity. However specific isoenzymes 
have been isolated from rat hepatic microsomes responsible for testo­
sterone 2-hydroxylase and testosterone 7-hydroxylase activities (Waxman 
et al., 1983) and many other metabolites have been identified from
mammalian systems (Darby et al., 1985). The type and extent of metabolism
remained unaffected by either of the two inducing agents examined.
Neither of the inducing agents caused a specific effect on the 
apparent Km or Vmax of aldrin epoxidation and methoxyresorufin O-dealkyla- 
tion these activities remained low and appeared simply to reflect the 
total amount of cytochrome P-450 present in the microsomes.
The Km of methoxyresorufin O-demethylase is far lower than that for 
lauric acid hydroxylase although this latter activity is much higher. The 
Km is difficult to interpret in microsomes and is probably only useful for 
inter-treatment comparison of the same enzyme activity.
Induction with agents such as 3-methylcholanthrene (3-mc) were not 
successful (results not shown). The housefly appeared to be not readily 
inducible by this type of inducer. Ethoxyresorufin O-dealkylase activity 
was also absent (results not shown); this fluorimetric assay is a very 
sensitive marker for the polycyclic aromatic hydrocarbon inducible cyto­
chrome P-450 form in the rat (Guengerich et al., 1982).
The absence of induction with 3-mc may be due to the difficulty in 
efficiently administering an insoluble compound to the adult insect, 
although there have been other reports (Hodgson, 1985; Ronis et al. , 1988) 
of this insensitivity.
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Figure 2.9 Evaluation of the apparent Michaelis-Menten parameters Km 
and Vmax for benzphetamine N-demethylation in housefly microsomes
Only typical lines (each point is the average of two determinations) 
for the control and phenobarbital induced state are included for clarity 
and one half the substrate concentrations used in this determination are 
shown for the same reason. The line was calculated using a weighting 
procedure that did not lead to undue influence being exerted by the low 
substrate concentrations.
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Figure 2.L0 Evaluation of the apparent Michaelis-Menten parameters Km 
and Vmax for lauric acid 12-hydroxylation in housefly microsomes
Only typical lines (each point is the average of two determinations) 
for the control and clofibrate induced state are included for clarity and 
one half the substrate concentrations used in this determination are shown 
for the same reason. The line was calculated using a weighting procedure 
that did not lead to undue influence being exerted by the low substrate 
concentrations.
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Table 2.3 The effect of phenobarbital and clofibrate pretreatment on 
the apparent Michaelis-Menten parameters Vinax* and KnT in housefly 
microsomes
Determination was from three separate measurements (mean + the 
standard deviation.
* Units .... nmol.min-1. nmol P-450-1 
+ Units .... nmol.ml-1
Pretreatment
Control Phenobarbital Clofibrate
Benzphetamine 
N-demethylation
Vmax
Km
5.6 + 1.1 
412 + 29
36.3 + 8.9 ** 
27 + 5.5 **
5.8 + 2.0 
435 + 34
Methoxyresorufin Vmax 0.08 + 0.01 0.05 + 0.02 0.05 + 0.01
O-demethylation
Km 5 . 0 +  2.1 6.8 +1 . 6 6.1 + 2.4
Aldrin Vmax 1.5 + 0.3 3.0 + 1.5 2.2 + 0.9
epoxidation
Km 78 + 15 118 + 33 83 + 11
Laurie acid Vmax 5.7 + 1.8 7 . 2 +  2.2 7.3 + 3.0
11-hydroxy-
1 at ion Km 164 + 16 131 + 12 * 172 + 27
Laurie acid Vmax 14.2 + 3.7 14.0 + 4.2 75.5 + 10.6 ~
12-hydroxy-
lation Km 214 + 23 234 + 18 60 + 12.3 ~
Testosterone Vmax 0.51 + 0.2 0.54 + 0.2 0.48 + 0.1
7-hydroxy-
1 ation Km 110 + 19 120 + 13 106 + 6
Testosterone Vmax 0.3 + 0.09 0.3 + 0.1 0.25 + 0.07
2-hydroxy-
lation Km 135 + 17 142 + 6 140 + 22
* p < 0.05 p < 0.01
2.5 Discussion
The cytochrome P-450 in housefly microsomes is clearly capable of 
similar catalytic functions as that reported extensively for mammalian 
systems, although it is substantially different in terms of specific 
content. The specific activities range from lower than that reported in 
rat hepatic microsomes (ethoxyresorufin O-deethylase, testosterone hydrox­
ylase) through parity (benzphetamine N-demethylase) to levels that are 
higher (lauric acid hydroxylase). These specific activities can be influ­
enced (in the case of benzphetamine N-demethylase and lauric acid 12- 
hydroxylase) by pretreatment with the same inducing agents (phenobarbital 
and clofibrate respectively) used extensively in mammalian studies, caus­
ing what appears to be a similar effect.
Housefly cytochrome P-450 metabolises testosterone to form a number 
of products, 7-hydroxy and 2-hydroxy testosterone being predominant. 
Specific isoenzymes of cytochrome P-450 have been identified that perform 
these hydroxylations in the rat (Waxman et al., 1983). The range of
metabolites demonstrates that the housefly is capable of metabolising 
testosterone in a similar manner even if to a lesser extent than has been 
shown in other systems (Darby et al., 1985). That the activity is lower is 
not surprising since testosterone is not an endogenous substrate in 
insects as it is in mammals.
The activities of methoxyresorufin O-demethylation and aldrin epoxi- 
dation are also low, however when expressed on basis of nmole of 
cytochrome P-450, benzphetamine N-demethylation activity is comparable to 
that in the rat and lauric acid 12-hydroxylation is higher. Microsomal 
cytochrome P-450 in this strain of housefly, although substantially lower 
in terms of specific content, is capable of similar catalytic functions 
and rates to those reported extensively for mammalian systems.
The induction of cytochrome P-450 with phenobarbital exhibits a 
commonality with phenobarbital induction in the rat. In the rat this 
induction is associated with an increase in cytochromes P-450IIB1 and P- 
450IIB2 which preferentially demethylate benzphetamine (Mizukami et al., 
1983). The induction seen in table 2.3 on pretreatment with phenobarbital 
suggests the induction of an isoenzyme or group of isoenzymes with a high 
specific activity for benzphetamine. Such cytochrome P-450 in the housefly 
may be related to those of family II in vertebrates.
The induction of housefly cytochrome P-450 with clofibrate also shows 
a similarity to that seen in rat liver. Cytochrome P-450IVA1 hydroxylates 
lauric acid at the 12-position and is induced by the fibrate drugs, high 
fat diets, starvation and several other agents in rat hepatic tissue 
(Hawkins et al., 1987). This enzyme has an important endogenous role in
the metabolism of lipids and in evolutionary terms is an ancient iso­
enzyme, appearing just after the procaryote/eucaryote divide and at
approximately the same time as the mitochondrial steroid hydroxylating
cytochromes P-450 (Nebert & Gonzalez, 1987; Nelson & Strobel, 1987;
figure 1.2).
The housefly has high endogenous levels of a lauric acid hydroxy­
lating cytochrome P-450 the 12-hydroxylation of which is highly inducible 
with clofibrate. This implies the presence of an isoenzyme or group of 
isoenzymes similar to those of family IV in the rat.
The induction with phenobarbital and clofibrate has a similar effect 
on the metabolic profile in the microsomes of the rat and housefly. This 
suggests that the inductive mechanism may have been conserved along with 
the catalytic ability.
CHAPTER 3
MICROSOMAL METABOLISM OF FATTY ACIDS
The metabolism of saturated and unsaturated fatty acids in housefly 
microsomes, the effect of clofibrate induction and comparison to rat
hepatic microsomes
3.1 Introduction
The high metabolism of the endogenous substrate lauric acid in the 
housefly as described in the previous chapter may reflect a significant 
sphere of endogenous activity for cytochrome P-450 in the metabolism of 
fatty acids. This activity and its induction by the hypolipidaemic agent 
clofibrate is also observed in the rat. The rat and the housefly may share 
a cytochrome P-450 activity involved in the metabolism of such endogenous 
substrates.
A comparison of this type of activity in the rat and the housefly is 
described in this chapter. The NADPH-dependent metabolism of a series of 
saturated and unsaturated fatty acids in housefly microsomes from un­
treated and clofibrate-pretreated insects was tested. This metabolism was 
compared to that measured in analogous circumstances in rat hepatic 
microsomes.
The in vitro oxidative metabolism of this array of compounds was 
studied using the NADPH-dependent substrate disappearance (for those 
chemicals available radiolabelled) and this was correlated with the NADPH- 
dependent formation of peroxide, which was measured over a wider range of 
fatty acids.
3.2 Materials
These were as described in section 2.2 or as follows.
3.2.1 Chemicals
Amersham Radiochemicals (Buckinghamshire, UK): (1-14C) Arachidonic acid,
(1-14C) capric acid, (1-14C) myristic acid, (1-14C) palmitic acid and (1- 
14C) stearic acid.
British Drug Houses Ltd (Poole, Dorset, UK): Ammonium iron (II) sulphate, 
magnesium chloride, sodium azide, sodium hydroxide, sodium sulphate and 
sucrose.
Fisons (Loughborough, Leicestershire, UK): Acetonitrile and ethyl acetate.
Sigma Chemical Co. Ltd (Poole, Dorset, UK): All unlabelled saturated and 
unsaturated fatty acids and hydrogen peroxide.
3.2.2 Experimental animals
Houseflies were dosed with 0.2% (w/v) sodium clofibrate in the 
drinking water provided ad libitum.
Male Wistar albino rats (150-200g body weight; University of Surrey 
breeders) were housed in cages with sawdust bedding and allowed food 
(Spratts Animal Diet No.l) and water ad libitum. A 12 hour light/dark 
cycle was maintained at 22°C and 50% relative humidity. The animals were 
dosed with sodium clofibrate (250mg.kg_1 i.p. in 0.9% w/v saline) once 
daily for three days and sacrificed on the fourth day.
Phenobarbital pretreatment was by administration of 0.1% (w/v) sodium 
phenobarbitone in the drinking water for 7 days prior to sacrifice on the 
eighth day.
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3.3 Methods
As in 2.3 and additionally the methodologies described below.
3.3.1 Isolation of rat hepatic microsomes
Microsomes were prepared by ultracentrifugation by essentially the 
method of Remmer et al, (1966). Rats were killed by cervical dislocation 
and the livers removed and perfused with 0.9% (w/v) saline to prevent 
contamination with haemoglobin. All subsequent steps were carried out at 
4°C.
The livers were scissor minced and homogenised in 0.25M sucrose using 
a Potter-Elvehjem glass-teflon homogeniser and adjusted to 25-33% (w/v)
with the same sucrose solution. The microsomes were isolated by successive 
spins at lOOOOgav. for 20 minutes and lOOOOOgav. for 60 minutes. This 
final pellet was resuspended in 50mM potassium phosphate buffer (pH 7.25), 
containing 20% (v/v) glycerol and stored in aliquots at -80°C until
needed.
3.3.2 Spectral assays
All spectral assays were carried out on a Kontron-Uvikon 860 split 
beam spectrophotometer. Rate calculations were performed on the same 
machine.
3.3.2.1 NADPH oxidation
The oxidation of NADPH in microsomal suspensions before and during 
the oxidation of substrates was measured by the method of Yu (1987). Each
cuvette contained 0.2nmol of cytochrome P-450, 50mM Tris-HCl buffer (pH 
7.5) for insect microsomes or 50mM potassium phosphate buffer (pH 7.25)
for rat hepatic microsomes. The cuvettes were preincubated at 25°C or
37°C, insect or rat respectively, (enzyme assays were performed at the 
likely in vivo temperature) for 3 minutes and then NADPH was added in the 
appropriate buffer to a final concentration of O.lmM. Substrate 
(lOOnmol.ml-1) was added in acetone or water to the sample cuvette only 
and the rate of substrate-induced NADPH oxidation was recorded at 340nm. 
This system cancels endogenous NADPH oxidation automatically because both 
reference and sample cuvettes contain microsomes and NADPH. The total 
oxidation of NADPH could be followed using a single cuvette system so that 
endogenous oxidation was apparent.
3.3.2.2 Hydrogen peroxide formation
The formation of hydrogen peroxide during oxidation of NADPH was 
reported by Gillette et al. (1957). The determination of this NADPH
dependent formation of hydrogen peroxide during mixed function oxidation 
reaction was performed by the method of Hildebrandt & Roots (1975). The 
principle of this assay is that the hydrogen peroxide produced oxidises 
Fe2+ in ammonium iron (II) sulphate to Fe3+ which can then react with 
potassium thiocyanate to form the red coloured iron (III) thiocyanate 
which can be spectrophotometrically detected at 480nm.
Incubations were performed as described for the individual assays 
except that the substrates were added in acetone or as a sodium salt and 
the addition of ImM sodium azide to inhibit any endogenous catalase that 
may be contaminating the microsomes. The reaction was stopped after 10 
minutes (the reaction was linear up to'10 minutes - results not shown) by 
the addition of 6% (v/v) TCA (1.5ml). The precipitated protein was spun
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down at 1500gav. for 5 minutes and aliquots (1ml) of the supernatant were 
taken. lOmM ammonium iron (II) sulphate (0.2ml) and 2.5M potassium 
thiocyanate (0.1ml) were added sequentially with mixing and the absorbance 
at 480nm read immediately (the colour formed in this reaction is light 
sensitive, therefore tubes were maintained in the absence of light 
wherever possible). The peroxide formed was quantitated by interpolation 
on a standard curve. The standard curve was derived from hydrogen peroxide 
'spiked' tubes containing all the components of the test tubes except for 
the NADPH and substrate.
3.3.4 Radiochemical assays
Radiochemicals were detected using either a Berthold LB503 
Radiodetector (Berthold, UK) containing a 0.2ml flow cell or a Berthold 
LB284 tic plate scanner (Berthold, UK).
3.3.4.1 Arachidonic acid metabolism
The products of arachidonic acid metabolism were isolated from an 
incubation mixture containing rat liver microsomes (lnmol total cytochrome 
P-450.ml-1) or housefly microsomes (0.2nmol total cytochrome P-450.ml-1), 
lOmM magnesium chloride, 50mM Tris-HCl buffer (pH 7.5) and O.lmM arachi­
donic acid (0.3mCi.mmol-1).
The 12C arachidonic acid was obtained in lOmg sealed vials. The vial 
was broken open and 2ml of 0.1M Tris-HCl (pH 7.5) was added. The pH was 
then adjusted to between 8.5 and 9.2 by the addition of 2M NaOH. The total 
volume was then adjusted to 2.63ml by the addition of distilled water. As 
the pH was adjusted the suspension cleared as the sodium salt was formed.
After 5 minutes preincubation at room temperature with stirring, 
NADPH (to final concentration of ImM) was added to initiate the reaction.
The reaction mixture was then transferred to a 25°C or 37°C (insect or rat 
respectively) shaking water bath. The reaction was terminated after 30 
minutes by the addition of 2ml of ethylacetate containing 0.5ml of 1M HCl 
and 0.01% (w/v) butylated hydroxytoluene as an anti-oxidant. The samples 
were extracted three times with 2ml of ethylacetate, the combined extracts 
dried over anhydrous sodium sulphate, filtered and evaporated to dryness 
under a stream of nitrogen.
The dried ethylacetate extracts were reconstituted in 0.15ml of 
starting solvent (water/acetonitrile, 60:40 containing 0.1% v/v acetic 
acid). The metabolites were separated by reverse phase hplc using a C18 
Microbondapak (4.6mm x 150mm) MCH-10 column, using a shallow, non-linear 
(program 7), elution gradient from the starting solvent to 100% aceton- 
itrile in 50 minutes at a flow rate of 1ml.min-1. Quantitative analysis of 
the metabolites was performed by a Commodore PET (series 4000) interfaced 
to the detector. The metabolites were identified by the commonality of 
their retention times with those previously characterised in this 
laboratory (Huang, personal communication; Sharma, 1988).
3.3.4.2 Saturated fatty acid metabolism
The metabolism of capric (Cio), lauric (C12), myristic (C 1 4 ) r  
palmitic (C16) and stearic (C18) acids was measured radiochemically as 
described in section 2.3.4.1 at a substrate concentration of lOOnmol.ml-1. 
Incubation temperatures were 25°C and 37°C for insect and rat liver 
microsomes respectively.
The metabolites were separated by hplc as described in section 
2.3.4.1. Only three peaks were apparent in the elution profile. The 
pattern of elution was similar to that seen with the hydroxylation of 
lauric acid and the w-1 and w-hydroxy metabolites were assumed to have 
eluted in the same order as those of lauric acid.
3.4 Results
3.4.1 Microsomal metabolism of saturated fatty acids
3.4.1.1 NADPH-dependent substrate oxidation
Five saturated fatty acids were available radiolabelled and the 
NADPH-dependent metabolism for these in rat liver (table 3.1) and housefly 
(table 3.2) microsomes was measured.
In the rat lauric acid was hydroxylated most effectively (either in 
terms of total or w-activity alone) among these saturated fatty acids and 
the order of activity was C12>Ci4>C1o>C16>C18. This same substrate speci­
ficity has been reported in rat renal microsomes (Ellin et al., 1972;1973) 
and in gerbil hepatic microsomes (Miura et al., 1987). Pretreatment with
clofibrate significantly induced the hydroxylase activity of all five of 
these fatty acids, however the substrate specificity remained the same. 
The increase in activity upon induction is almost entirely due to a 
specific increase in w-hydroxyl at ion. The w/w-1 ratio was also maximal
with a chain length of 12 and decreased either side of this in both 
clofibrate-pretreated and untreated rat liver microsomes.
In housefly microsomes there was no significant difference in sub­
strate specificity between lauric, myristic and palmitic acids the order 
being C16=C14=C12>C10>C18. Pretreatment with clofibrate induces the acti­
vity toward all of these substrates. As in rat liver microsomes induction 
of w-hydroxylation is responsible for most of this increase. The w/w-1 
ratio was maximal in accordance with the substrate specificity.
Although the fatty acid hydroxylation activity in the housefly was
higher than that in the rat the ratio of w/w-1 metabolites was slightly
lower both in the untreated and clofibrate-pretreated state. The induction
of w-hydroxylation in the rat was more pronounced than in the housefly.
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Table 3.1 Substrate specificity of fatty acid hydroxylation in rat 
liver microsomes and the effect of pretreatment with clofibrate
Units for w-1 and w-hydroxylase are nmol.min-1.nmol P-450-1.
Pretreatment
Control Clofibrate
Chain length W-1 w w/w-1 w-1 w w/w-1
Cio 1.75 + 0.23 3.16 + 0.26 1.81 1.82 + 0.31 7.11 + 0.74 ** 3.91
Ci2 2.20 + 0.15 5.92 + 0.62 2.69 2.30 + 0.41 17.03 + 1.60 ~ 7.40
Cl4 2.29 + 0.33 5.29 + 0.41 2.31 2.35 + 0.35 10.84 + 1.10 ** 5.61
^16 1.44 + 0.22 2.57 + 0.13 1.78 1.47 + 0.32 5.43 + 0.48 ~ 4.69
Cl8 0.64 + 0.10 1.04 + 0.15 1.63 0.66 + 0.20 1.84 + 0.31 ** 2.79
Determination was from three separate measurements (mean + the standard 
deviation.
p < 0.01
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Table 3.2 Substrate specificity of fatty acid hydroxylation in 
housefly microsomes and the effect of pretreatment with clofibrate
Units for w-1 and w-hydroxylase are nmol.min“1.nmol P-450-1.
Pretreatment
Control Clofibrate
Chain length W-1 w w/w-1 w-1 w w/w-1
Cio 2.20 + 0.41 4.75 + 0.63 2.16 3.22 + 0.34 12.86 + 1.40 ** 3.99
Ci2 4.08 + 0.46 9.68 + 1.04 2.37 5.19 + 0.64 26.94 + 2.61 ** 5.19
C14 4.47 + 0.74 9.93 + 0.95 2.22 5.53 + 1.00 27.66 + 3.12 ** 5.00
Cl6 4.32 + 0.33 10.15 + 0.82 2.35 5.31 + 0.6 7 26.03 + 2.30 ** 4.90
Cl8 2.53 + 0.21 3.52 + 0.66 1.39 2.52 + 0.39 8.07 + 0.93 ~ 3.20
Determination was from three separate measurements (mean + the standard 
deviation.
** p < 0.01
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Figure 3.1 Substrate specificity of fatty acid hydroxylation
The data from tables 3.1 and 3.2 are represented here graphicallly to 
enable comparison between rat and housefly in control and induced states 
to be made more readily.
3.4.1.2 Substrate dependent NADPH oxidation
To evaluate the metabolism of a wide range of compounds for which the 
methodology was not readily available Yu (1987) measured the rate of 
substrate dependent oxidation of NADPH in insect microsomes.
In order to extend the range of fatty acids studied without incurring 
the prohibitive cost of a large number of radiolabelled compounds the 
substrate dependent oxidation was tested in rat and housefly microsomes.
As can be seen in figure 3.2 the addition of lauric acid to 
microsomes from clofibrate-pretreated animals did not stimulate the oxida­
tion of NADPH significantly although this fatty acid is a good substrate 
for both systems (tables 3.1 and 3.2). Such a stimulation of NADPH 
oxidation upon addition of substrate can be seen with certain substrates. 
The addition of benzphetamine, under analogous conditions, to microsomes 
from phenobarbital pretreated animals caused a stimulation of NADPH 
oxidation (figure 3.3). Using identical conditions to those reported by Yu 
(1987) ie same substrate, (-) Menthol, and the same source of microsomes 
(Spodoptera midgut) comparable results were obtained (results not shown).
No such stimulation of NADPH oxidation was seen with any of the saturated
fatty acids with rat or housefly microsomes. This contrasts with the 
stimulation of NADPH oxidation seen in a reconstituted system with 
purified cytochrome P-450IVA1 upon addition of lauric acid (CaJacob et 
al., 1988>: however, the reconstituted system by its nature may not be
well coupled. The biotransformation of lauric acid in housefly microsomes 
was clearly cytochrome P-450 and NADPH dependent (section 2.4.2) and this
is also the case in the rat (Ellin et al., 1972). Endogenous oxidation
of NADPH was approximately 15-20 nmol.min-1.nmol P-450-1 for both rat and 
housefly microsomes and it is these reducing equivalents that must be 
diverted to perform the catalytic activity.
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Figure 3.2 NADPH oxidation in the presence of lauric acid by
microsomes from clofibrate-pretreated animals
The arrow indicates the addition of lOOnmoles of lauric acid in
0.05ml Tris-HCl buffer (pH 7.5) to the sample cuvette and 0.05ml of buffer
alone to the reference cuvette.
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Figure 3.3 NADPH oxidation in the presence of benzphetamine by 
microsomes from phenobarbital pretreated animals
The arrow indicates the addition of benzphetamine in water (0.05ml) 
to the sample cuvette to a final concentration of ImM and that of water 
(0.05ml) alone to the reference cuvette.
3.4.1.3 NADPH and substrate dependent hydrogen peroxide formation
From section 3.4.1.2 it was clear that the substrate dependent NADPH 
oxidation was not a suitable method for the rapid evaluation of metabolism 
of fatty acids as it was for the series of allelochemicals tested by Yu 
(1987).
Hydrogen peroxide is formed during the oxidation of NADPH (Gillette 
et al. 1957). The ferrous dioxygen intermediate (section 1.2.6) can 
autoxidise to the ferric enzyme by loss of superoxide or by acquisition of 
an electron followed by the loss of hydrogen peroxide:
[Fe2-] [02] —------[Fe3+] [02“]-------[Fe3-"] + 02"
[Fe3"] [02“] + e"------— [Fe3_H] [0|“]-- ^^.[Fe3-] + H202
The formation of hydrogen peroxide does not distinguish between 
autoxidative loss of superoxide and hydrogen peroxide since hydrogen 
peroxide is the end product of superoxide elimination. Hydrogen peroxide 
could result from the autoxidation of cytochrome P-450 reductase or 
cytochrome b5 rather than cytochrome P-450 (Grover & Piette, 1981; 
Ingelman-Sundberg & Johansson, 1980). However, hydrogen peroxide formation 
is stimulated rather than inhibited by cytochrome P-450 substrates 
(Hildebrandt & Roots, 1975; Nordblom & Coon, 1977), is inhibited by carbon 
monoxide ^Werringloer, 1977) and is increased as the cytochrome P- 
450LM2/cytochrome P-450 reductase ratio is raised (Ingelman-Sundberg & 
Johansson, 1984) which implicates the cytochrome P-450 as the primary 
source of the hydrogen peroxide.
The correlation between substrate hydroxylation and hydrogen peroxide 
formation for the saturated fatty acids of chain length C10,C12,C14,C16 
and C18 can be seen in figure 3.4. There is an inverse correlation for 
this series of fatty acids in rat and housefly microsomes in both control 
and induced states. The substrates with the highest turnover lead to the
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Figure 3,4 Correlation of substrate hydroxylation and hydrogen 
peroxide formation
Correlation of 11 (top) and 12 (bottom) hydroxylation of C10f C12/ 
C14/ C16 and C18 fatty acids with the formation of hydrogen peroxide.
Points are for rat liver and housefly microsomes from both control and 
clofibrate-pretreated animals. The values are from the mean of three 
determinations.
lowest formation of hydrogen peroxide. The correlation coefficient between 
the total hydroxylation and hydrogen peroxide formation for rat and 
housefly data points combined was -0.658. Similar correlation for w- 
hydroxylation was -0.695 and that for w-1 hydroxylation was -0.361. The 
best correlation was between the ratio of w to w-1 hydroxylation and the 
formation of hydrogen peroxide (-0.922). This inhibition of hydrogen 
peroxide formation with these substrates was in direct contrast to that 
reported by Hildebrandt & Roots (1975) and Nordblom & Coon (1977), but is 
similar to the effect seen in the metabolism of a related substrate, 
arachidonic acid, in rat liver microsomes on induction with ciprofibrate 
(Capdevila et al,, 1985). These authors suggested that the w-hydroxylation 
was a well coupled reaction.
The correlation between formation of hydrogen peroxide and substrate 
turnover with saturated fatty acids, although negative, demonstrated that 
the measurement of hydrogen peroxide levels could be used as a simple 
reflection of activity. The hydrogen peroxide production in microsomes 
from rat and housefly in both control and clofibrate induced states for a 
large series of saturated fatty acids is shown in figures 3.5 and 3.6.
Using this property as reflection of activity it still appears that 
the optimum chain length is 12 in control rat hepatic microsomes and 12 or 
14 in the clofibrate induced state (figure 3.5). The substrate specificity 
in the housefly was not as sharply defined with lauric, myristic and 
palmitic acids being the optimal chain lengths. Pretreatment with clofib­
rate did not alter this specificity (figure 3.6), but did generally lower 
the rate of formation of hydrogen peroxide in rat hepatic and housefly 
microsomes. In both rat and housefly the activity toward fatty acids of 
chain length less than 10 and greater than 20 appeared to be poor.
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Figure 3.6 Housefly microsomal NADPH dependent hydrogen peroxide 
formation
The effect of saturated fatty acid chain length on the hydrogen 
peroxide formation in microsomes. The data represent the mean of three 
determinations with the standard deviation indicated (bars). Statistical 
comparison is between the control and clofibrate situation, 
p < 0.05
** p < 0.01
3.4.2 Microsomal metabolism of unsaturated fatty acids
3.4.2.1 Arachidonic acid
Figure 3.7 shows a comparison of chromatograms obtained by reverse 
phase hplc of the organic soluble products isolated from incubation 
mixtures containing (14C) arachidonic acid, NADPH, the epoxide hydrolase 
inhibitor l,2-epoxy-3,3,3-trichloropropane and microsomal fractions from 
the livers of either untreated or clofibrate-pretreated rats. Previous 
workers have identified the major oxidation products generated during the 
microsomal metabolism of arachidonic acid (Chacos et al., 1982; Manna et
al., 1983). These include six isomeric mid-chain alcohols or HETEs, four
regio-isomeric epoxyeicosatrienoic acids (EETs) and their corresponding 
hydration products dihydroxyeicosatrienoic acids (DHETs) and 19- and 20- 
hydroxyeicosatrienoic acids (w-1 and w-oxidation products).
In the control situation peaks at the retention times associated with 
all of these products are apparent (figure 3.7). The EETs represent the 
largest metabolite peaks and the low levels of DHETs are probably as a 
result of the use of the epoxide hydrolase inhibitor. The single hydroxy­
lation products are also apparent and the w and w-1 hydroxylation products 
are present in approximately a 2:1 ratio, respectively. Upon induction 
with clofibrate this ratio becomes 6:1 in favour of the w-hydroxylated 
product. The formation of all other metabolites was markedly reduced. The 
pretreatment of rats with clofibrate results in a stimulation of w- 
hydroxylation and a dramatic decrease in the ability of liver microsomal 
suspensions to perform olefin epoxidation and allylic hydroxylations. This 
effect is similar to that observed with ciprofibrate-pretreated rats 
(Capdevila et al. , 1985).
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Figure 3.7 Rat liver microsomal oxidation of arachidonic acid
Profiles (hplc) of metabolites formed during NADPH-dependent 
oxygenation of arachidonic acid by microsomal preparations from untreated 
and clofibrate-pretreated rats.
In untreated housefly microsomes many oxidation products are apparent 
(figure 3.8). The major products being EETs and w and w-1 hydroxylated 
arachidonic acid. The ratio of w to w-1 is approximately 2:1 and upon 
induction with clofibrate this increases to 6:1 as observed in the rat. 
However this induction of w-hydroxylation was not at the expense of other 
reaction products, the EETs still clearly present on the chromatograph 
although slightly reduced.
In rat liver microsomes, pretreatment of the animals with clofibrate 
results in a decrease in the overall metabolism of arachidonic acid 
despite the marked induction of w-hydroxylation, since other metabolites 
are suppressed (table 3.3). In contrast this pretreatment with clofibrate 
in the housefly increases the overall biotransformation of arachidonic 
acid (table 3.3), since there is the induction of w-hydroxylation and
j
little suppression of the other metabolites.
Pretreatment with clofibrate in the rat caused a significant increase 
in the specific content of cytochrome P-450 (p = 0.048) in accordance 
with previous observations in this laboratory (Sharma et al., 1988). In
the housefly there is clearly no significant increase in cytochrome P'ffi 
specific content upon pretreatment with clofibrate (table 2.2). The 
induction of an w-hydroxylating cytochrome P-450 in the housefly appears 
not to rjsult in a concomitant decrease of isoenzymes responsible for 
other hydroxylations. In the rat this induction causes such a depression 
even though the total quantity of cytochrome P-450 increased slightly. The 
induction in the housefly may be achieved by depression of other iso­
enzymes not involved in the metabolism of arachidonic acid. Alternatively, 
the isoenzyme(s) induced by clofibrate pretreatment may be capable of 
epoxidising arachidonic acid in addition to the w-hydroxylase activity.
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Figure 3.8 Housefly microsomal oxidation of arachidonic acid
Profiles (hplc) of metabolites formed during NADPH-dependent 
oxygenation of arachidonic acid by microsomal preparations from untreated 
and clofibrate-pretreated houseflies.
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Table 3.3 Microsomal NADPH dependent metabolism of arachidonic acid
The values for the products of arachidonic acid oxygenation are the 
average of two determinations, those for hydrogen peroxide formation are 
the mean of three determinations + the standard deviation. The units in 
all cases are nmol of product formed.minute-1.nmol P-450-1.
DHETs HETEs EETs w-1 w Total Hydrogen Peroxide
Rat liver
Control 0.21 0.62 1.78 0.26 0.54 3.41 4.51 + 0.32
Clofibrate 0.04 0.06 0.20 0.24 1.53 2.07 1.82 + 0.17
Housefly
Control 0.35 0.77 2.21 0.30 0.59 4.22 5.20 + 0.36
Clofibrate 0.18 0.62 1.96 0.29 1.75 4.80 4.72 + 0.16 *
* p < 0.05
p < 0.001
3.4.2.2 NADPH and substrate dependent hydrogen peroxide formation
NADPH and substrate dependent hydrogen peroxide formation did not 
show the same relationship with activity for arachidonic acid (table 3.3) 
as was seen for the saturated fatty acids (section 3.4.1.3).
Incubation of arachidonic acid with untreated rat hepatic microsomes
led to higher hydrogen peroxide levels than seen in microsomes from 
clofibrate-pretreated rats. This pretreatment significantly induced the w- 
hydroxylation and markedly suppressed other oxygenation reactions particu­
larly epoxidation. The reduction of hydrogen peroxide could be a result of 
an increasing turnover of a well coupled reaction such as the w-hydroxy­
lation or as a consequence of the decrease in epoxidation which may be a 
poorly coupled reaction. In the housefly, pretreatment with clofibrate did 
not cause a similar reduction in hydrogen peroxide formation in the 
microsomes on incubation with arachidonic acid despite a similar induction 
of w-hydroxylation (table 3.3). The induction with clofibrate in the 
housefly did not lead to a suppression of other oxygenation reactions and, 
for example, epoxidation activity remained high. This implies that the 
reduction in hydrogen peroxide formation in clofibrate induced rat hepatic 
microsomes is due to the supression of uncoupled reactions as well as the 
induction of coupled ones.
The e£fect of clofibrate pretreatment on hydrogen peroxide formation 
with a series of unsaturated fatty acids in rat and housefly microsomes 
can be seen in figures 3.9 and 3.10. In the rat pretreatment with 
clofibrate resulted in a suppression of hydrogen peroxide formation in the
microsomes with all the unsaturated fatty acids tested here. From the
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Figure 3.9 Rat microsomal NADPH dependent hydrogen peroxide formation
The effect of clofibrate pretreatment on the NADPH dependent hydrogen 
peroxide formation in microsomes upon incubation with a series of 
unsaturated fatty acids. The data represent the mean of three 
determinations with the standard deviation indicated (bars). Statistical 
comparison is between the control and clofibrate situation.
*** p < 0.001
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Figure 3.10 Housefly microsomal NADPH dependent hydrogen peroxide 
formation
The effect of clofibrate pretreatment on the NADPH dependent hydrogen 
peroxide formation in microsomes upon incubation with a series of 
unsaturated fatty acids. The data represent the mean of three 
determinations with the standard deviation indicated (bars). Statistical 
comparison is between the control and clofibrate situation, 
p < 0.05
catalytic evidence for arachidonic acid it is likely that this suppression 
is a result of the depression of the isoenzymes of cytochrome P-450 
responsible for epoxidation and in-chain hydroxylations.
In the housefly, clofibrate pretreatment causes a significant effect 
upon the hydrogen peroxide formation in microsomes with only three fatty 
acids. It is likely that this high level of hydrogen peroxide formation
reflects epoxidation of these unsaturated fatty acids. This reaction is 
performed readily with arachidonic acid (section 3.4.2.1) and with a range 
of olefins (Ahmad et al.,1987; Bierl et al., 1972; Brattsten, 1979; Foster 
& Roelofs, 1988; Kasang & Schneider, 1974; White et al,, 1979).
Clofibrate pretreatment does not repress the epoxidation of these fatty 
acids in housefly microsomes as it does in the rat hepatic microsomes.
In the clofibrate-pretreated state in both rat and housefly, three 
fatty acids have slightly lower levels of hydrogen peroxide formation. In 
each case these are arachidonic (C2Q:4 cis 5,8,11,14), eicosapentaenoic 
(C20:5 cis 5,8,11,14,17) and docosahexaenoic (C22:6 cis 4,7,10,13,16,19)
acids. The level of significance is 0.04 < p < 0.05. There are no other
effects specific to chain length or degree of saturation in either rat or
housefly in control or induced states.
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3.5 Discussion
Housefly microsomal cytochrome P-450 is capable of performing the 
biotransformation of fatty acids to a number of products. For saturated 
fatty acids these include w and w-1 hydroxylated products. For unsaturated 
fatty acids epoxidations and other in-chain hydroxylations are also 
observed.
In these studies metabolism of saturated fatty acids was specific to 
chain length and as the chain length increased or decreased from this 
optimum the w/w-1 ratio declined. This indicates that separate isoenzymes 
are responsible for the w and w-1 metabolism of fatty acids. The w- 
hydroxylating form of cytochrome P-450 in the rat and housefly is induced 
by pretreatment with clofibrate. This isoenzyme has been isolated from rat 
liver (Tamburini et al., 1984) and similar isoenzymes may be present in
the housefly.
The w-hydroxylation of saturated fatty acids seen here appears to be 
a well coupled reaction, a property shared by both rat and housefly 
systems. This effect is observed with both saturated and unsaturated fatty 
acids. The w-hydroxylation results in a suppression of hydrogen peroxide 
formation and there is no apparent stimulation of NADPH oxidation. 
Hydrogen peroxide can be utilised by cytochrome P-450 as a substrate for 
oxygenation reactions. It can support the metabolism of benzphetamine 
(Estabrook et al., 1984) and aniline (Renneberg et al., 1978). Addition­
ally it has been shown to support the oxygenation of prostaglandin to the 
same range of products as NADPH except for w-hydroxylation which is very 
poorly supported (Holm et al., 1985). As well as demonstrating the role of 
active oxygen species in cytochrome P-450 reactions this also shows the 
unusual nature of the w-hydroxylase.
The w-hydroxylation oxidises the thermodynamically disfavoured term­
inal methyl group (CaJacob et al., 1988). This inherent reactivity
difference results in preferential w-1 hydroxylation of hydrocarbon 
chains by relatively non-specific cytochrome P-450 isoenzymes e.g. rat P- 
450b and rabbit P-450r,M2 (Morohashi et al., 1983; Vatsis et al. , 1982).
The bond dissociation energies for removal of a hydrogen to give methyl,
isopropyl and t-butyl radicals are 98.0, 94.5 and 91.0 kcal.mol-1 respec­
tively (Kerr, 1966). The w-hydroxylases must therefore override the 
inherent specificity for the weaker C-H bond and it may be a necessity for
the isoenzyme to be well coupled in order to do this.
The housefly isoenzyme(s) performing this w-hydroxylation does not 
show the same clear substrate specificity as the parallel rat cytochrome 
P-450. The w-hydroxylation activity in the housefly is less substrate 
specific with C12, C14 and C16 being turned over equally whereas in the
rat liver the optimum chain length is clearly. C12. This may reflect the 
presence of several related isoenzymes performing these reactions in the 
housefly or the w-hydroxylase in the housefly simply has a wider 
substrate specificity. Hence clofibrate pretreatment specifically induced 
w-hydroxylation in both rat and housefly: this induction process in the
rat is presently the subject of intense interest.
Two mechanisms of induction have been suggested. Lalwani et al. 
(1983) reported a receptor responsible for the induction of cytochrome P- 
450IVA1, although its existence is disputed (Milton et al. , 1988). Elcombe 
& Mitchell (1987) proposed that clofibrate caused a perturbation of 
endogenous fatty acid metabolism resulting in 'substrate overload' causing 
the isoenzyme's induction. That clofibrate causes this same inductive 
effect in the housefly would suggest that it interferes with a basic 
endogenous process rather than by a specific receptor interaction.
The high level of w-hydroxylation of saturated fatty acids in the 
housefly represents a large amount of cytochrome P-450 involved in this 
sphere of endogenous activity. However, of the substrates it metabolises
rapidly only palmitic acid is present in housefly microsomes to a high 
level (Spates et al., 1988).
An endogenous role in the metabolism of unsaturated fatty acids is 
more apparent. From the turnover of arachidonic acid it can be seen that 
epoxidation represents a major route of metabolism. This is also likely to 
be the case with the other unsaturated fatty acids as can be evidenced 
from the large levels of hydrogen peroxide formed - a feature seemingly 
associated with this metabolism of fatty acids. Epoxidation of fatty acids 
and other compounds structurally related have previously been reported to 
result in products of endogenous significance. Cytochrome P-450 dependent 
epoxidations have been demonstrated in the housefly in the metabolism of 
sex pheromones (Ahmad et al., 1987) and juvenile hormone I (Yu & Terriere, 
1978) and in other insect species in the metabolism of juvenile hormones, 
anti-hormones, pheromones and prostaglandins (section 1,5.1.1.1; section
1.5.1.2 & section 1.5.1.3).
Arachidonic acid is also w-hydroxylated by housefly microsomes and 
again this activity is induced by clofibrate pretreatment. This induction 
in the housefly is not at the expense of the isoenzymes responsible for 
epoxidation as it is in the rat. Hydrogen peroxide formation for all the 
unsaturated fatty acids remained high even in clofibrate-pretreated house­
fly microsomes because of the retention of this epoxidising ability. Three 
unsaturated fatty acids (arachidonic, eicosapentaenoic and docosahexa- 
enoic) had lower levels of hydrogen peroxide formation in the clofibrate- 
pretreated state. In addition these same three exhibited significantly 
lower levels than the other unsaturated fatty acids in clofibrate-pre­
treated rat hepatic microsomes. Arachidonic acid (section 3.4.2.1; Capde- 
vila et al., 1985), eicosapentaenoic acid (VanRollins et al., 1988) and
docosahexaenoic acid (VanRollins et al., 1984) have all been shown to be
significantly w-hydroxylated in untreated rats, whereas linoleic acid has
been shown to be poorly w-hydroxylated (Capdevila et al., 1985). Cipro-
fibrate pretreatment stimulated w-hydroxylation of arachidonic acid sev­
eral times but no such effect was apparent with linoleic acid (Capdevila 
et al., 1985). Eicosapentaenoic and docosahexaenoic acids may also be w-
hydroxylated by the housefly microsomes particularly those from clofib­
rate-pretreated insects. These three fatty acids, because of their degree 
of unsaturation, can adopt a more compact 'hairpin-like' conformation 
whereas the other fatty acids examined are less compact. The active site 
of the isoenzymes responsible for the w-hydroxylation of these fatty acids 
in rat and housefly must be narrow and highly structured in the vicinity 
of the activated oxygen to suppress the favoured w-1 hydroxylation. Such a 
structure has been suggested for the rat w-hydroxylase (CaJacob et al., 
1988).
The metabolism of fatty acids represents a significant endogenous 
role for cytochrome P-450 in the housefly. The epoxidation of arachidonic 
acid is performed at a far higher rate (5 times) than the more commonly 
studied epoxidation of aldrin. This may be an overlap of endogenous 
activity toward pheromones, juvenile hormones and prostaglandins as well 
as part of fatty acid metabolism within the cell.
Taken together these results show that the w-hydroxylation of these 
fatty acids in the housefly closely resembles that seen in rat hepatic 
microsomes. This commonality is not only in the metabolism of lauric 
acid, but also extends to the similar inductive effect with clofibrate. 
The housefly clearly has a cytochrome P-450 isoenzyme(s) to provide many 
of the same endogenous functions as cytochrome P-450IVA1 in the rat and 
may contain a closely related isoenzyme.
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CHAPTER 4
STRUCTURAL COMPARISON TO RAT CYTOCHROME P-450
Structural comparison of cytochrome P-450 in housefly microsomes to 
rat hepatic isoenzymes with polyclonal antibodies
three
4.1 Introduction
The cytochrome P-450 dependent activity in housefly microsomes has 
been shown in the previous chapters to share properties common with that 
in rat hepatic microsomes. The similarities extend not only to the nature 
of the catalytic activity but also to the response of the housefly to the 
inducing agents phenobarbital and clofibrate.
This inductive effect of clofibrate on the metabolism of fatty acids 
and the relatively high activity toward these substrates in the untreated 
insect shows a marked resemblance to that observed in rat hepatic systems 
(Gibson et al., 1982). The specific induction of w-hydroxylation with this 
fibrate drug in rat and housefly is particularly striking. The isoenzyme 
believed to be responsible for this area of activity in rat liver 
microsomes is cytochrome P-450IVA1 (Tamburini et al., 1984).
Phenobarbital pretreatment in the rat causes an induction in the 
cytochrome P-450 isoenzymes of family II (Mizukami et al., 1983).
Induction with phenobarbital in the housefly appears to elevate isoenzymes 
with similar catalytic activity to that of family II in the rat (section 
2.4.3).
Polyclonal antibodies to cytochrome P-450IVA1 and cytochrome P- 
450IIB1 were available in this laboratory and the structural relationship 
between these isoenzymes and those in housefly microsomes was examined by 
Western blot analysis and where possible by antibody inhibition of 
catalytic activity.
Additionally-/ comparison was made with polyclonal antibodies to cyto­
chrome P-450IA1/ an isoenzyme induced by pretreatment with 3-methyl- 
cholanthrene in the rat. This inducing agent was ineffective in the 
housefly (section 2.4.3.2) and ethoxyresorufin O-dealkylation, the acti­
vity associated with its pretreatment (Guengerich et al,, 1982), was also 
absent (section 2.4.3.2; Ronis et al., 1988). However, cross reactivity in 
Western blot analysis with polyclonal antibodies to this isoenzyme has 
recently been reported (Morita et al., 1988).
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4.2 Materials
These were as described in sections 2.2 and 3.2 and additionally as 
below.
4.2.1 Chemicals
British Drug Houses Ltd (Poole, Dorset, UK): Ammonium persulphate,
ammonium sulphate, glycine, propan-2-ol, sodium dodecyl sulphate and 
sodium cholate.
Sigma Chemical Co. Ltd (Poole, Dorset, UK): 2-mercaptoethanol, agar,
bromophenol blue, coomassie brilliant blue R-250, diaminobenzidine 
chloride, N,N-tetramethylethylethylenediamine (TEMED) and Triton X-100.
Emulgen 911 was obtained from the KAO Atlas Company (Tokyo, Japan). 
Nitrocellulose filters were purchased from Anderman and Company Ltd 
(Kingston-upon-Thames,UK). Acrylagel and bisacrylagel were obtained from 
National Diagnostics (Alyesbury, UK). Dialysis tubing was purchased from 
FSA Supplies (Loughborough, Leicestershire, UK).
Anti-cytochrome P-450IVA1, anti-cytochrome P-450IIB1 and anticyto­
chrome P-450IA1 were kind gifts from Dr R.K. Sharma (University of Surrey), 
Dr R.J. Makowski (University of Surrey) and Dr A.D. Rodrigues (University 
of Surrey) respectively. Donkey anti-sheep enzyme label, donkey anti­
rabbit enzyme label (in each case the enzyme label was horse radish 
peroxidase), pre-immune sheep sera and pre-immune rabbit sera were kindly 
supplied by Guildhay Antisera Ltd (Guildford, Surrey, UK).
Gel cassette equipment and electrophoresis tanks were manufactured by 
the University of Surrey's workshop. Power packs and gel transfer appara­
tus were purchased from Bio-Rad (Watford, Herts, UK). 3MM blotting paper 
and DEAE-cellulose (DE52) were obtained from Whatman , (Maidstone, Kent, 
UK).
4.3 Methods
These were as described in sections 2.3 and 3.3 and additionally as 
follows.
4.3.1 Purification of immunoglobulins
The immunoglobulin fraction was isolated from serum by a modification 
of the method of Walker & Mayer (1976). The serum was brought to 50% (w/v) 
saturation with ammonium sulphate and the precipitate collected by centri­
fugation at 12,600gav. for 10 minutes. The precipitate was then washed 
several times with ice-cold 1.75M ammonium sulphate until it was clearly 
white, in order to remove any albumin, transferrin, haptoglobin, haemo­
globin and other adventitious proteins that may be present.
The final white pellet was then dissolved in lOmM potassium phosphate 
buffer (pH 7.0) and dialysed overnight against 5 litres of distilled 
water. The subsequently precipitated lipoproteins were removed by centri­
fugation at 16,500gav. for 20 minutes. The remaining supernatant was re- 
dialysed twice against 3 litres of lOmM potassium phosphate buffer (pH 
8.0) over a period of 16 hours. This preparation was then loaded onto a 
column (5cm x 12cm) of DEAE-cellulose (Whatman DE52) previously equili­
brated with the same buffer. The column was washed with this buffer until 
all the IgG was eluted. Elution fractions were measured at an absorbance 
of 280nm. These fractions were then aliquoted and freeze-dried to a 
concentration of 50-100mg.vial-1. Pre-immune IgG was prepared from control 
sheep serum in the same manner.
4.3.2 Antibody inhibition studies of catalytic activity
Inhibition of catalytic activity in rat hepatic and housefly micro­
somes was studied using pre-immune IgG antibody fractions and IgG frac­
tions from cytochrome P-450IVA1 and cytochrome P-450IA1 polyclonal serum.
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The catalytic activities were measured under the same condition as 
described previously except for the following alterations. Emulgen 
(O.lmg.mg-1 of microsomal protein) and cholate (lmg.mg-1 of microsomal 
protein were added. The reaction vessels were then mixed and incubated at 
4°C for 10 minutes. These concentrations of detergent were used in order 
to obtain solubilisation with the minimum loss of catalytic activity.
The respective antibodies were then added to the reaction vessels, 
mixed, and incubated for 10 minutes at 25°C. The samples were then placed 
on ice and the remaining components for the assay added. The assay was 
then carried out as previously described.
4.3.3 Western blot analysis
This technique involves the electrophoretic transfer of proteins, 
separated on polyacrylamide gels by the method of Laemmli (1970), to 
nitrocellulose sheets which are then subjected to immunochemical analysis. 
The method employed was a modification of the procedures of Towbin et al. 
(1979) and Burnette (1981) as reviewed by Bers & Garfin (1985).
4.3.3.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis
Reagents
Acrylagel (30% w/v acrylamide).
Bisacrylagel (2% w/v N,N-methylene-bis-acrylamide).
Separating gel buffer: 1.5M Tris-HCl (pH 8.8) containing 0.4% (w/v)
SDS.
Stacking gel buffer: 0.5M Tris-HCl (pH 6.8) containing 0.4% (w/v)
SDS.
Electrode buffer: 2.5mM Tris-HCl (pH 8.3) containing 192mM glycine
and 1% (w/v) SDS.
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Sample solubilisation buffer: 62.5mM Tris-HCl (pH 6.8) containing
2.3% (w/v) SDS, 15% (v/v) glycerol, 5% (v/v) 2-mercaptoethanol and
0.001% (w/v) bromophenol blue.
Ammonium persulphate 10% (w/v).
N,N-tetramethylethylethylenediamine (TEMED).
Prestained molecular weight markers (MW-SDS-blue) consisting of:
Protein Approximate Mr
(daltons)
Macroglobulin 180,000
B-Galactosidase 116,000
Fructose-6-phosphate kinase 84,000
Pyruvate kinase 58,000
Fumarase 48,500
Lactate dehydrogenase 36,500
Triosephosphate isomerase 26,600
The proteins were first rendered monomeric by solubilising them by 
boiling in sample solubilisation buffer for 1.5-3 minutes. Electro­
phoresis was performed at room temperature using a vertical slab gel 
assembly, in which the gel was contained in a glass and perspex cassette 
of internal dimensions 120mm x 130mm x 1.5mm. The glass plates were washed
in tap water, distilled water and then acetone prior to use.
The cassettes were clamped in a vertical position and sealed with 2% 
(w/v) agar. The lower (separating) gel was prepared by mixing acrylagel, 
bisacrylagel, separating gel buffer and distilled water to give a 10% 
(w/v) acrylamide/0.27% (w/v) bis-acrylamide gel containing 0.1% (w/v) SDS. 
The polymerisation process was initiated by the addition of TEMED and 
freshly prepared ammonium persulphate. This solution was then poured into 
the cassette to a height of approximately 80mm. Distilled water was gently
layered above the gel mixture to ensure a smooth interface.
On completion of polymerisation the water layer was removed and the 
stacking gel applied. The stacking (upper) gel was prepared by mixing 
acrylagel, bisacrylagel, stacking gel buffer and distilled water to give a 
3% (w/v) acrylamide/0.08% (w/v) bis-acrylamide gel containing 0.1% (w/v)
SDS. Polymerisation was initiated as before and the wells were formed by 
the introduction of a perspex comb.
After polymerisation the bottom edge spacer and sample comb were 
removed and the gel slab was placed in the electrophoresis tank. Electro­
phoresis buffer was poured into the anode and cathode reservoirs and any 
air bubbles trapped in the sample wells or underneath the gel were removed 
with a syringe and fine tubing.
The samples were loaded on either a mg of protein or nmole of 
cytochrome P-450 basis using a Hamilton syringe. Samples were run under a 
20mA constant current until the bromophenol indicator entered the sepa­
rating gel whereupon the current was increased to 40mA. The samples were 
run until the indicator dye was within 0.5cm of the bottom of the gel.
The lower running gel was cut out and stained overnight in propan-2- 
ol/acetic acid/ water (25:10:65 by volume) containing 0.05% (w/v) coo-
massie brilliant blue R-250. The destaining was achieved by successive 
washes with destaining solution (propan-2-ol/acetic acid/water - 1:1:8 by 
volume). Gels for Western blot analysis were not stained but further 
processed for immunochemical analysis.
4.3.3.2 Electrophoretic transfer
The lower gel was immersed in transfer buffer (20mM Tris-HCl buffer 
pH 8.3, 150mM glycine, 20% v/v methanol) for 30 minutes to allow any
shrinkage to occur prior to transfer.
The transfer is achieved by the use of a plastic sandwich apparatus. 
A sheet of nitrocellulose paper was cut to the appropriate size and laid
on three sheets of Whatmany 3MM blotting paper immersed in transfer 
buffer. The gel was laid on this nitrocellulose sheet and covered with a 
further three sheets of blotting paper. The whole assembly is then 
sandwiched between two Scotch Brite pads supported by a rigid plastic 
grid. It is important to ensure that no air bubbles are trapped between 
the filter and the gel since this may lead to low efficiency of transfer 
and band distortion occurring in such areas. This assembly was immobilised 
in the electrophoresis transfer apparatus (filled with transfer buffer). 
The transfer took place at 30 volts.blot-1 for two hours. Subsequent 
staining of the gel with coomassie brilliant blue R-250 demonstrated that 
all detectable protein had been transferred under these conditions.
4.3.3.3 Immunochemical staining
Following electrophoretic transfer the nitrocellulose sheet was wash­
ed in phosphate-buffered saline containing 1% (w/v) bovine serum albumin 
and 0.2% (v/v) Triton X-100 (PBSBT) overnight at 4°C. This PBSBT was then 
replaced with fresh PBSBT containing the primary antibody (anti-cytochrome 
P-450IVA1 - 1:1000 dilution, anti-cytochrome P-450IA1 - 1:4000 dilution, 
anti-cytochrome P-450IIB1 - 1:2000 dilution) for 60 minutes. The filter
was then washed three times for 15 minutes with fresh PBSBT. The second
antibody ^donkey anti-sheep for anti-cytochromes P-450IVA1 and IA1 and 
donkey anti-rabbit for anti-cytochrome P-450IIB1) was labelled with the 
enzyme horseradish peroxidase. The filter was washed in PBSBT containing
this second antibody for 60 minutes followed by two 15 minute washes with
PBSBT alone. The filter was washed for a final time for 10 minutes with 
PBS alone before being developed in 0.1M Tris-HCl buffer (pH 7.5) 
containing 0.5mg.ml_1 diaminobenzidine chloride and 1:5000 hydrogen per­
oxide (30 vols). The reaction was terminated by rinsing the filter in 
distilled water.
4.4 Results
4.4.1 Antibody inhibition
As expected antibodies to cytochrome P-450IVA1 inhibit lauric acid 
hydroxylase activity in rat hepatic isoenzymes (figure 4.1). There is 
clearly a differential inhibition by anti-P-450IVAl IgG of the 11 and 12 
hydroxylation of lauric acid in these clofibrate-pretreated rats. The 
partial solubilisation of the microsomes as described in section 4.3.2 
caused little significant effect on the activity (c.f. activities to those 
presented in table 3.1). Pre-incubation of the microsomes with the 
preimmune antibody only caused a marginal inhibition of 12-hydroxylation 
and had no effect on 11-hydroxylation. Anti-P-450IVA1 IgG inhibits the 12 
hydroxylation of lauric acid to approximately 30% of the original activity 
at a concentration of 20mg IgG.nmol cytochrome P-450-1. The 11-hydroxy- 
lation was less sensitive to this inhibition, the activity at the same 
level of IgG being approximately 85% of the original activity. However at 
a higher concentration of IgG (80mg.nmol P-450) 11-hydroxylation was
inhibited to 65% of the original activity.
The housefly microsomal cytochrome P-450 lauric acid hydroxylase 
activity also tolerated the partial solubilisation (c.f. figure 4.2 with 
table 3.2). As figure 4.2 shows, neither the preincubation of preimmune 
nor anti-P-450IVAl IgG inhibits either the 11 or 12-hydroxylation of 
lauric acid in clofibrate-pretreated housefly microsomes. The reason for 
this may be that 80mg IgG.nmol P-450-1 is insufficient antibody to cause 
inhibition. Alternatively the cytochrome P-450 in the housefly shares few 
common epitopes with cytochrome P-450IVA1 or any commonality present is 
inaccessible to the antibodies or is of such a nature that binding of 
antibody does not cause inhibition of activity. Antibody inhibition may 
not, however, be a very sensitive means of investigating common structural
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Figure 4.1 Inhibition of the 11 and 12 hydroxylation of lauric acid in 
clofibrate-pretreated rat liver microsomes by anti-P-450IVAl
The 100% activities were 2.20 nmol.min-1.nmol cytochrome P-450-1 for 
11-hydroxylation and 16.83 nmol.min-1.nmol cytochrome P-450-1 for 12- 
hydroxy lation. The points represent the average of two determinations.
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Figure 4.2 Inhibition of the 11 and 12 hydroxylation of lauric acid in 
clofibrate-pretreated housefly microsomes by anti-P-450IVAl
The 100% activities were 5.02 nmol.min-1.nmol cytochrome P-450-1 for 
11-hydroxylation and 25.44 nmol.min-1.nmol cytochrome P-450-1 for 12- 
hydroxy lation. The points represent the average of two determinations.
features. Sharma (1988) found that antibodies to cytochrome P-450IVA1 did 
not cause inhibition of 12-hydroxylation of lauric acid in rat renal 
microsomes, although the antibody did interact strongly with a cytochrome 
P-450 in these microsomes.
The IgG fraction of the anti-P-450IVAl sera did not cause any 
inhibition at 80mg IgG.nmol P-450-1 of testosterone hydroxylase, methoxy- 
resorufin O-demethylase or benzphetamine N-demethylase activities in any 
housefly microsomes (results not shown).
Similarly the anti-P-450IAl IgG did not cause any inhibition of 
lauric acid hydroxylase, testosterone hydroxylase, methoxyresorufin 0- 
demethylase or benzphetamine N-demethylase activities at 80mg IgG.nmol P- 
450"1 in housefly microsomes from any of the sources described in 
previous chapters (results not shown).
Antibody inhibition with anti-P-450IIBl sera was not examined since 
this antibody was raised in the rabbit and insufficient sera was available 
for purification of the IgG fraction.
4.4.2 Western blot analysis
As part of the SDS-PAGE process the microsomal proteins are rendered 
not only soluble and evenly charged but monomerised, in order for 
separation to occur on the basis of molecular weight only. This process 
allows the antibody access to the entire protein chain, disregarding any 
elements of tertiary structure. The probing of filters of transferred 
proteins from the SDS-PAGE gel with the antibodies can reveal a common­
ality of structure not apparent in enzyme activity inhibition studies.
Western blot analyses of housefly microsomes from phenobarbital, 
clofibrate and untreated insects with antibodies to cytochromes P-450IA1, 
IIB1 and IVA1 are shown in figures 4.3, 4.4 and 4.5 respectively. On each
blot untreated and clofibrate-pretreated rat liver microsomes are included
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Figure 4.3 Western blot analysis of rat and housefly microsomes with 
anti-cytochrome P-450IA1
Tracks contain: 1) prestained molecular weight standards, 2) untreated rat 
microsomes, 3) clofibrate-pretreated rat microsomes, 4) untreated housefly 
microsomes, 5) clofibrate-pretreated housefly microsomes and 6) pheno­
barbital pretreated housefly microsomes. Tracks 2 and 3 contain 10pg of 
protein and tracks 4-6 contain lOOpg of protein.
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Figure 4.4 Western blot analysis of rat and housefly microsomes with 
anti-cytochrome P-450IIB1
Tracks contain: 1) prestained molecular weight standards, 2) untreated rat 
microsomes, 3) clofibrate-pretreated rat microsomes, 4) untreated housefly 
microsomes, 5) clofibrate-pretreated housefly microsomes and 6) pheno- 
barbital pretreated housefly microsomes. Tracks 2 and 3 contain 10ug of 
protein and tracks 4-6 contain lOOpg of protein.
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Figure 4.5 Western blot analysis of rat and housefly microsomes with 
anti-cytochrome P-450IVA1
Tracks contain: 1) prestained molecular weight standards, 2) untreated rat 
microsomes, 3) clofibrate-pretreated rat microsomes, 4) untreated housefly 
microsomes, 5) clofibrate-pretreated housefly microsomes and 6) pheno- 
barbital pretreated housefly microsomes. Tracks 2 and 3 contain lOpg of 
protein and tracks 4-6 contain lOOpg of protein.
for comparative purposes. Filters probed with preimmune sera from rabbit 
and sheep were completely clear of any stained areas (results not shown).
In each of these figures there is a clear interaction in rat liver 
microsomes with proteins in the molecular weight range associated with 
cytochrome P-450. In figure 4.4 bands are visible that are likely to 
represent the cytochrome P-450IIB1 and IIB2 isoenzymes that are present in 
the rat. Although the antibody was raised to cytochrome P-450IIB1 this 
isoenzyme is closely related to cytochrome IIB2. Similarly, the members of 
family I in the rat may be represented in figure 4.3, two bands being 
apparent which probably reflect the presence of cytochromes P-450IA1 and 
IA2. A third, fainter band may be due to cross reactivity to an isoenzyme 
of family II. In figure 4.5 only one band is apparent in the rat
microsomal tracks, this band is increased on pretreatment with clofibrate 
and shows the presence of cytochrome P-450IVA1. This band may be the
result of two proteins, using longer gel separation techniques it is
clear that this antibody interacts with two proteins of similar molecular
weight (Milton, 1989; Sharma, 1988).
In the tracks containing housefly microsomes any interaction in the 
molecular weight range associated with cytochrome P-450 is very faint. 
With anti-cytochrome P-450IA1 and IVA1 a strong interaction is clear at a 
lower molecular weight. Either cytochrome P-450 in the housefly has a 
much lower molecular weight or the SDS-PAGE process has caused the protein 
to break down to lower molecular weight components. The molecular weight 
for cytochrome P-450 in the housefly has been variously reported as being 
between 48 and 58Kd (Mayer et al., 1982; Ronis et al., 1988) and is not
subject to undue breakdown upon processing for SDS-PAGE analysis (Ronis 
et al. , 1988; see chapter 5). The relatively low molecular weight bands in
figures 4.3 and 4.5 are more likely to be due to a non-specific 
interaction with another protein present in the housefly microsomal
fraction.
The result of SDS-PAGE analysis with coomassie blue staining on rat
and housefly microsomal fractions is shown in figure 4.6. The strong bands
at lower molecular weights may be due to components of the mitochondrial
electron transport chain and may also be responsible for the interaction
seen in the Western blot analysis. The strong staining at approximately 
50Kd may again be due to components of this system or at least not 
cytochrome P-450 since the specific content of cytochrome P-450 in 
housefly microsomes is far lower than such staining would otherwise 
suggest. The contamination in these microsomes was relatively light and a 
conventional cytochrome P-450 spectrum such as that in figure 2.1 could be 
used for quantitation of these housefly microsomes.
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Figure 4.6 SDS-PAGE analysis of rat and housefly microsomes
Tracks contain: 1) prestained molecular weight standards, 2) untreated rat 
microsomes, 3) clofibrate-pretreated rat microsomes, 4) untreated housefly 
microsomes, 5) clofibrate-pretreated housefly microsomes and 6) pheno- 
barbital pretreated housefly microsomes. All tracks contained lOpg of 
protein.
4.5 Discussion
Most isoenzymes of cytochrome P-450 share common structural features 
regardless of their source. These include a membrane and NADPH cytochrome 
P-450 reductase binding portions of the protein. Additionally, the gene 
sequence around cysteine involved in haem binding is highly conserved 
(figure 4.7). Housefly microsomal cytochrome P-450 is membrane bound and 
cytochrome P-450 reductase from rat liver can be used to; - -mediate NADPH 
reduction of housefly cytochrome P-450 for metabolism (Ronis et al., 
1988).
However, the housefly microsomal cytochrome P-450 appeared to have 
little or no structural commonality with the three rat hepatic isoenzymes 
examined here. There was no inhibition of metabolism by IgG from anti­
cytochrome P-450IVA1 and IA1 sera. Nor was there any clear interaction 
with all three antisera, likely to be cytochrome P-450 dependent, in 
Western blot analysis. These three isoenzymes are representative of three 
major families of cytochrome P-450 and as such, their structures would
i
cover a large proportion of the structural epitopes of known cytochromes 
P-450.
A gene sequence for an insect cytochrome P-450 has very recently been 
published (Feyereisen et al., 1989). This sequence showed very low
homology with other known cytochromes P-450. The greatest sequence 
homology was with family III isoenzymes. The homology of only 27% led the 
authors to propose that this housefly cytochrome P-450 should be 
designated as the first member of a new family, family VI. Much of the 
homology was scattered throughout the sequence, but conservation about 
the cysteine involved in haem binding was apparent (figure 4.7). The very 
faint staining at approximately 50-60kd in figures 4.3, 4.4 and 4.5 may
reflect this low degree of homology.
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Figure 4.7 Gene sequence of haem-binding portion of cytochromes P-450
Diagram of the linear cytochrome P-450 protein and approximate 
location of the highly conserved cysteinyl-containing peptide involved in 
the haem-binding site among ten eukaryotic species and one prokaryote. 
Positive and negative numbers refer to amino acid positions downstream and 
upstream, respectively, from the cysteine that binds the haem iron. 
Adapted from Nebert & Gonzalez (1987).
Despite similarities in catalytic activity and the effect of the 
inducing agents clofibrate and phenobarbital, housefly cytochrome P-450 
appears to have few structural epitopes in common with rat isoenzymes. The 
housefly has evolved a mixed function oxidase system that performs similar 
catalytic functions and responds in a similar way to xenobiotic challenge.
CHAPTER 5
ISOLATION OF HOUSEFLY CYTOCHROME P-450
The development of solubilisation and purification procedures to isolate 
cytochrome P-450 from housefly microsomal membranes in clofibrate
pretreated insects
5.1 Introduction
Highly purified forms of cytochrome P-450 from mammalian systems were 
first reported in 1974 (Imai & Sato, 1974; Van Der Hoeven et al., 1974)
and at present 71 complete cDNA or protein sequences are known in ten 
eukaryotic species and one prokaryote (Nebert et al., 1989). Yet there is
only one published sequence for an insect cytochrome P-450 (Feyereisen et 
al., 1989) and the isolation of a highly purified insect isoenzyme has not 
been reported. Other components of the mixed function oxidase have been 
highly purified from insects, including cytochrome b5 from Ceratitis 
capitata (Megias et al. , 1986) and NADPH-cytochrome P-450 reductase from
the housefly (Vincent et al., 1983) and from the blowfly, Phormia regina
(Vincent & Terriere, 1985).
The theoretical specific content of an isoenzyme of cytochrome P-450 
with a Mr of 48kd is 20.8 nmol.mg-1 of protein and for a Mr of 60kd 
16.7nmol.mg-1. For a preparation to be considered both highly purified and 
active the specific content would be expected to approach these theoreti­
cal values. For example Imai & Sato's preparation from phenobarbital 
pretreated male rabbits had a specific content of 17nmol.mg-1 compared to 
a theoretical maximum of 19.2nmol.mg-1 (Imai & Sato, 1974). In contrast 
the highest specific content reported for a preparation from insect 
microsomes is 11.7nmol.mg-1 (theoretical maximum 18.2) from the fruit fly, 
Drosphilia (Agosin, 1982) and lOnmol.mg-1 (theoretical maximum 16.7) from 
the housefly (Fisher & Mayer, 1984).
Most purifications of insect cytochrome P-450 have been from pheno­
barbital pretreated animals. Pretreatment with this inducing agent incre­
ases not only the total quantity of cytochrome P-450 but specifically 
increases the concentration of individual isoenzymes. This strategy is
often combined with the use of strains of insects resistant to pesticides 
which have naturally elevated levels of cytochrome P-450. Although resis­
tant strains of housefly were not available for use in the present study, 
phenobarbital pretreatment caused an increase in total cytochrome P-450
(section 2.4.3.2) and in the benzphetamine N-demethylation specific acti­
vity (section 2.4.3.2). Clofibrate pretreatment also caused an increase in 
lauric acid 12-hydroxylase specific activity (section 2.4.3,2) but caused 
no changes in total cytochrome P-450 (section 2.4.3.1).
In the present study microsomes from clofibrate-pretreated houseflies 
were used. This inducing agent caused a 5-6 fold increase in 12- 
hydroxylation of lauric acid which may reflect a similar fold induction of 
a specific isoenzyme of cytochrome P-450, thus elevating the specific 
content of the 'target' isoenzyme. Although phenobarbital pretreatment 
achieves this and an increase in total cytochrome P-450 such treated 
insects have already been the subject of many partial purifications of
insect cytochrome P-450 (Fisher & Mayer, 1984; Moldenke et al., 1984;
Ronis et al., 1988). Also, these studies do not lead to a single isoenzyme 
with a highly characterised single product reaction. Inducers that elevate 
family I isoenzymes in mammals do not appear effective in the housefly 
(section 2.4.3.2). In contrast the inductive effect of clofibrate in the
housefly has not been reported by any other groups and thereby offers a
novel field of study. This isoenzyme(s) is also of interest because of the 
very high constitutive activity it shows toward fatty acids and that, 
specifically, the w-hydroxylation is highly inducible by the hypolipid- 
aemic drug clofibrate.
5.2 Materials
These were as described in sections 2.2, 3.2 and 4.2 and additionally 
as below.
5.2.1 Chemicals
British Drug Houses Ltd (Poole, Dorset, UK): Ammonium thiocyanate, cobalt 
nitrate hexahydrate, cyanogen bromide, dithioerythritol (DTE), dithio- 
threitol (DTT), sodium borate, sodium deoxycholate, sodium trinitro- 
benzenesulphonate.
Pharmacia Fine Chemicals Ltd (Milton Keynes, UK): CM-cellulose, DEAE-
Sephacel, hydroxylapatite, Sepharose 4B.
Sigma Chemical Co. Ltd (Poole, Dorset, UK): p-chloroamphetamine, chymo- 
statin, cyanogen bromide-activated Sepharose 4B, 1,6-diaminohexane, 
dichloroethane, dilauroylphosphatidylcholine, l-ethyl-3,(3-dimethylamino- 
propyl)-carbodiimide, leupeptin, n-octylamine, phosphatidylethanolamine 
and Tergitol NP-10.
Dimethylformamide (DMF) was purchased from Aldrich (Poole, Dorset, 
UK) and Bio-beads SM-2 from Biorad Laboratories (Watford, Herts, UK).
5.3 Methods
5.3.1 Solubilisation of microsomal protein
The microsomes used in purification studies were those prepared by a 
relatively vigorous homogenisation procedure and had heavy contamination 
from mitochondrial components (figure 2.2B). These microsomes, although 
having a low specific content (0.07nmol.mg_1), resulted in a yield of more 
than four times the cytochrome P-450 of analogous preparations isolated by 
gentle homogenisation procedures, as determined by catalytic activity and 
second derivative spectroscopy. This maximised the quantity of starting 
material from a limited supply of insects.
The microsomal suspension isolated from whole housefly abdomens 
inevitably contained gut proteases capable of destroying the cytochrome P- 
450. Upon solubilisation, these proteases have access to the protein 
previously protected by the microsomal membrane. As a result of this and 
the inherent instability exhibited by solubilised cytochromes P-450, 
several additives are required in the solubilisation buffer. These include 
the protease inhibitors PMSF, leupeptin and chymostatin, stabilising 
agents DTE, DTT, and glycerol and chelators such as EDTA in addition to 
the buffer and detergent. Several solubilisation buffer mixtures were 
tested, the results of which are presented in section 5.4.1, and only the 
basic procedure is described here.
Solubilisation was carried out under an atmosphere of nitrogen at 4°C 
and at a microsomal protein concentration of lOmg.ml-1. The concentrated 
solubilising detergent was added under these conditions dropwise with 
stirring over 20 minutes and then left for a further period of 40 minutes. 
The mixture was then centrifuged for 60 minutes at lOOOOOgav. to remove 
any unsolubilised material. The material was used immediately after 
solubilisation for column chromatography.
5.3.2 Affinity column material preparation
Several types of affinity chromatography material were prepared by 
essentially the method of Cuatrecasas (1970).
5.3.2.1 Activation of Sepharose 4B
In a well ventilated hood washed Sepharose 4B was mixed with an equal 
volume of water and cyanogen bromide (200mg.ml_1 of packed Sepharose) was 
added with stirring. The pH of the suspension was raised and maintained at 
11 with 8M NaOH, and the temperature maintained at 20°C with ice as 
needed. After 10 minutes a large amount of ice was added to the suspension 
and the Sepharose washed with 15 volumes of buffer (lOOmM potassium 
phosphate, pH 9.0) under suction. This stage was performed rapidly and 
after washing the ligand was added to the activated Sepharose 4B 
immediately.
Alternatively, commercially available cyanogen bromide activated 
Sepharose-4B was used. This was prepared in accordance with the manufac­
turer's instructions prior to addition of the ligand.
5.3.2.2 Coupling of ligand
Ligands containing an amino group (including proteins) are the 
simplest to attach to the activated Sepharose. The ligands n-octylamine 
and p-chloroamphetamine were added in a 20-fold molar excess at a pH of 
9.5. After stirring for two hours at 4°C the mixture was allowed to stand 
for a further 16 to 20 hours to ensure complete loss of reactive groups. 
The Sepharose was then washed exhaustively with large volumes of water 
before suspension in the appropriate chromatography buffers. Protein 
ligands were added in a three-fold excess but otherwise were attached in 
the same manner.
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For the attachment of lauric acid, 1,6-diaminohexyl (AH)-substituted 
sepharose 4B was prepared initially as described above using diaminohexane 
as the ligand. Approximately 40ml of the AH-Sepharose 4B was washed with 1 
litre of 0.5M NaCl and 250ml of water (adjusted with 0.1M HCl to pH 4.5). 
The moist Sepharose was taken up in 40ml of dimethylformamide (DMF) and 
40ml of water (pH 4.5) and 800mg of lauric acid (in 10ml of DMF) was added 
to the Sepharose. This concentration of lauric acid represents approxim­
ately a 10-fold excess of the capacity of the Sepharose to ensure maximum 
substitution. Laurate was coupled to the AH-Sepharose 4B using the carbod- 
iimide promoted condensation reaction. l-ethyl-3(3-dimethylaminopropyl)- 
carbodiimide (2.2g) was added (in 10ml of water, pH 4.5), continually
inverted for one hour and left overnight at room temperature. The coupled
sepharose was washed with 500ml of DMF, 2 litres of DMF/water mixture 
(50:50, v/v), 2 litres of distilled water and then the chromatography
buffer system.
5.3.2.3 Sodium 2,4,6-trinitrobenzenesulphonate test
This test (Cuatrecasas, 1970) was used to follow the course of the
agarose derivatisation. Saturated sodium borate (1ml) was added to the
sepharose slurry (0.5ml in water) and three drops of a 3% (w/v) solution
of sodium 2,4,6-trinitrobenzenesulphonate were added. At room temperature 
the colour reaction of gel beads was complete within two hours. The
presence of unsubstituted hydrazide derivatives was indicated by a deep
red colour, a yellow/orange colour indicated the presence of unsubstituted 
beads or derivatives containing amines or carboxylic acid ligands. The 
effectiveness of the cyanogen bromide activation and then the degree of 
substitution could be rapidly and conveniently assessed from the relative 
colour intensity of the gel.
5.3.3 General column procedures
Column material was initially washed in accordance with the manufac­
turer's instructions then exhaustively with the starting buffer. When 
poured and settled the column was equilibrated with three column volumes 
of this buffer or until the pH and ionic strength of the eluate matched 
that of the starting buffer.
Buffer concentrations were reduced by dilution since this was a more 
rapid procedure than dialysis. The pH was altered by the addition of the 
same buffer at a far higher or lower (as appropriate) pH value. Dialysis 
was necessary for more extensive alteration of the buffer system.
Samples were concentrated by ultrafiltration under nitrogen with 
Amicon ultrafiltration cells with PM-30 filters to the smallest volume 
practical before application to the column.
All steps were carried out at 4°C in the absence of light wherever 
possible.
Fractions were monitored at 417nm (maximum absorbance of native low- 
spin cytochrome P-450) with a Cecil 290 colorimeter and by SDS-PAGE 
analysis.
5.3.4 Reconstitution of monooxygenase activity
The reconstitution of the monooxygenase system in the insect was 
carried out with partially purified cytochrome P-450 from clofibrate 
pretreated housefly microsomes, phospholipid (dilauroylphosphatidyl- 
choline or phosphatidylethanolamine) and NADPH-cytochrome P-450 reductase 
from rat liver microsomes.
The cytochrome P-450 reductase was purified from phenobarbital pre­
treated rats by the method of Yasukochi & Masters (1976). The final 
preparation was essentially pure although a minor band (Mr 7kd less than 
the reductase) was apparent from SDS-PAGE analysis (results not shown). 
This was thought to be a breakdown product of the pure cytochrome P-450 
reductase. The specific content of the final preparation was 60 units.mg-1 
of protein.
High concentrations of detergents like Emulgen interfere with the 
reconstitution of monooxygenase activities (Miura et al., 1980) so this
had to be removed from the cytochrome P-450 containing fractions. The 
partially purified fraction were too unstable and unable to bind to 
hydroxylapatite and could not therefore be desoaped in the usual chromato­
graphic manner. This property of partially purified fractions of housefly 
cytochrome P-450 has been previously observed (Ronis et al., 1988).
Instead Bio-beads (SM-2) were used to remove the Emulgen. Samples were 
first dialysed for 3 hours against 50 volumes of 50mM potassium phosphate, 
pH 7.7, 20% glycerol and then stirred with the Bio-beads for two hours.
Emulgen concentration in these fractions was measured by the method of 
Goldstein & Belcher (1975).
The jnonooxygenase system was reconstituted in a total volume of 1ml 
containing 0.2nmol of cytochrome P-450, 0.15 units of rat NADPH-cytochrome 
P-450 reductase, dilauroylphosphatidylcholine (O.OlmM) or phosjfphatidyl- \ 
ethanolamine (O.OlmM) and ImM NADPH and made up to 1ml with 50mM potassium 
phosphate, pH 7.7. Reactions were initiated by the addition of substrate 
and assays carried out as for microsomes (sections 2.3.2.6, 2.3.3.1,
2.3.3.2, 2.3.4 and 3.3.4.1).
5.3.5 Determination of Emulgen
The general assay of polyethoxy non-ionic detergents as described by 
Goldstein & Belcher (1975) was used.
Sample (0.15ml) was diluted with ethanol (0.15ml), and ammonium 
cobaltothiocyanate (17.8% w/v ammonium thiocyanate and 2.8% w/v cobalt 
nitrate hexahydrate) solution (0.4ml) was added to each tube and an 
Emulgen 911 standard curve in 50% (v/v) ethanol. These tubes were mixed 
and after 5 minutes 1.5ml of dichloroethane added and vortexed for two 
minutes. After centrifugation for 10 minutes at 6OOOgAthe aqueous phase 
was discarded. The organic phase was scanned (on a Kontron-Uvikon 860 
split beam spectrophotometer) between 500 and 700nm with a reagent blank 
in the reference cuvette. The absorbance difference, 625-700nm, was 
measured and this value interpolated on the standard curve to estimate the 
Emulgen content.
5.4 Results
5.4.1 Solubilisation of microsomal cytochrome P-450
Several detergents and mixtures of additives were examined for 
solubilisation of the housefly microsomes and the results presented in 
table 5.1.
With Emulgen and cholate as the detergents, the pellet of unsolubi­
lised material was colourless indicating that all cytochrome components 
had been successively solubilised. Some colour remained in this pellet 
with deoxycholate, CHAPS and Triton X-100 as the detergents, probably 
indicative of incomplete solubilisation. Increasing the concentration of 
detergent in these circumstances, whilst achieving complete solubilisation 
(as judged by these criteria), resulted in very much lower yields 
(typically less than 20%) of soluble cytochrome P-450 (results not shown).
Without any protective agents the yield of soluble cytochrome P-450 
was low (row 1 table 5.1). Previous reports on the isolation of components 
of the insect monooxygenase system have indicated the importance of such 
agents (Fisher & Mayer, 1984; Moldenke et al., 1984; Naquira et al., 1980; 
Ronis et al., 1988; Vincent et al., 1983; Vincent & Terriere, 1985). Most
commonly included are EDTA (to complex any potentially damaging traces of 
heavy metals), DTT or DTE (Cleland's reagent for protection of thiols), 
PMSF (a general protease inhibitor), butylated hydroxytoluene (BHT an 
anti-oxidant), leupeptin (strong inhibitor of plasmin, trypsin, papain and 
cathepsin B) and chymostatin (strong inhibitor of chymotrypsin, papain and 
cathepsin B). Such a combination inhibits any contaminating proteases 
whilst stabilising the solubilised cytochrome P-450. Including these 
agents resulted in far better yields of soluble cytochrome P-450 with the 
detergents cholate and Emulgen (row 2 table 5.1).
Table 5.1 The effect of detergent and buffer constitution on the 
yield of solubilised cytochrome P-450
The yield is calculated from the quantity of cytochrome P-450 in the 
soluble fraction with respect to that in the original microsomal 
suspension.
In all cases the buffer was 50mM Tris-HCl, pH 7.4, containing 20% 
(v/v) glycerol in addition to those components indicated in the table. The 
concentration of EDTA and DTT, where indicated, was lmM. Similarly, that 
of BHT was 50mM, PMSF 0.4mM and leupeptin and chymostatin (L+C) when 
present were at a concentration of 2.5mg.ml_1.
YIELD (X)
Detergent (mg per mg protein)
Buffer
composition
Cholate
(0.8)
Deoxycholate 
(0.2)
CHAPS
(1.3)
Triton X-100 
(2)
Emulgen 911 
(1)
Tris & glycerol alone 42 28 42 39 45
+ EDTA, DTT, PMSF & L+C 94 65 70 62 91
+ EDTA, DTT & PMSF 53 41 39 42 58
+ EDTA, DTT, PMSF & BHT 52 42 43 40 55
+ EDTA & PMSF 92 68 72 64 90
+ EDTA, PMSF & L+C 95 67 70 64 92
Values represent the average of two determinations.
Without the protease inhibitors (leupeptin and chymostatin) the yield
was again low with all detergents and the presence of BHT does not have
any appreciable effect (rows 3 and 4 table 5.1). A similar yield was
obtained without leupeptin and chymostatin by the omission of DTT. Baumann
& Penzlin (1987) have demonstrated that EDTA and PMSF protect neurohormone
d
D (a peptide hormone) from proteolytic action in Periplanfea americana. 
These workers found that rather than affording further protection, DTT
reversed this inhibition completely. The Iso for PMSF was 10_8M in the
absence of DTT, yet greater than 10_4M in the presence of this Cleland's 
reagent (Baumann & Penzlin, 1987). DTT's protective influence was clearly 
of greater consequence for the enzymes of proteolysis than for cytochrome 
P-450, since without DTT, leupeptin and chymostatin the yield of soluble 
cytochrome P-450 remained high (row 5 table 5.1). EDTA and PMSF alone 
appeared to be sufficient to inhibit protease without any detrimental 
effect upon the yield of soluble cytochrome P-450. Under these conditions
leupeptin and chymostatin afforded no additional benefits (row 6 table
5.1).
Accordingly the detergents used were cholate and Emulgen with ImM
EDTA and 0.4mM PMSF in the buffer. This simplified the nature of the
buffer system and because of the high cost of leupeptin and chymostatin, 
resulted in a considerable financial benefit.
Since Emulgen is a non-ionic detergent it was used in preference to 
sodium cholate for ion-exchange chromatography, although cholate was used 
for other applications.
The effect of pH of the buffer on the yield from Emulgen solubilis­
ation is shown figure 5.1. Optimum pH is clearly between pH 7.0 and pH
7.4. Solubilisation was therefore routinely achieved in 50mM Tris-HCl (pH
7.4), 20% (v/v) glycerol, ImM EDTA, 0.4mM PMSF with either Emulgen
(lmg.mg-1 of protein) or cholate (0.8mg.mg_1 of protein) as the detergent.
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Figure 5.1 The effect of pH on the yield of cytochrome P-450 from 
housefly microsomes upon Emulgen solubilisation
The effect of pH on the solubilisation of housefly microsomal 
cytochrome P-450 with Emulgen (lmg.mg-1 of microsomal protein) in 50mM 
Tris-HCl, 20% (v/v) glycerol, ImM EDTA and 0.4mM PMSF. The points
represent the average of two determinations.
5.4.2 Isolation of soluble cytochrome P-450
Ion-exchange and various types of affinity chromatography have been 
utilised extensively in the isolation of cytochrome P-450 from mammalian 
systems. As such these techniques were applied to the purification of an 
insect cytochrome P-450.
5.4.2.1 Ion-exchange chromatography
Ion-exchange chromatography with DEAE-Sephacel (2.6cm X 15cm) was 
attempted with a buffer of low ionic strength (lOmM Tris-HCl) containing 
20% (v/v) glycerol, ImM EDTA, 0.4mM PMSF and 0.2% (v/v) Emulgen at several 
pH values. At pH values of between 6.7 and 7.5 no solubilised protein 
bound to the column material nor was any retardation apparent and no 
chromatographic separation was achieved. At pH 6.5 or 8.0 the solubilised 
proteins bound in a tight band at the top of the column and could be 
eluted effectively with a stepwise and then continuous gradient. All 
buffers contained 20% (v/v) glycerol, ImM EDTA, 0.4mM PMSF and 0.2% (v/v) 
Emulgen. The buffer concentration was increased with successive 100ml 
washes of 15mM, 20mM, 30mM and 50mM Tris-HCl. This stepwise gradient
apparently removed most of the protein from the column. A continuous 
gradient of potassium chloride from OmM (150ml) to 270mM (150ml) in the 
50mM Tris-HCl was then applied. The elution profiles at pH 6.5 and pH 8.0 
are shown in figure 5.2.
Fractions D1 and D3 contained no detectable cytochrome P-450 and had 
no apparent carbon monoxide binding spectrum. D2, from it's reduced CO 
difference spectrum, clearly contained cytochrome oxidase and no cyto­
chrome P-450 was apparent from either this spectrum or a dithionite 
difference spectrum. The reduced CO difference spectrum for D4 is shown in 
figure 5.3. This fraction on SDS-PAGE analysis consisted of two major 
bands of molecular weight of between 50kd and 55kd (results not shown).
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Figure 5.2 Elution profile of . solubilised microsomes upon DEAE- 
Sephacel chromatography at pH 8 and pH 6.5
The absorbance (417nm) elution profile (broken line) of solubilised 
housefly microsomes on DEAE-Sephacel with a stepwise and then continuous 
gradient (solid line) at a pH 8 and pH 6.5. D1 to D9 refer to peaks that 
were pooled and further analysed, these labels are used within the text.
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Figure 5.3 Reduced carbon monoxide difference spectrum of fraction D4
Fraction D4 eluted at high salt concentration from DEAE-Sephacel 
chromatography at pH 8.0.
Fraction D4 appears to be cytochrome P-420, a breakdown product of 
cytochrome P-450, and not cytochrome oxidase as comparison with figure 2.3 
(authentic cytochrome oxidase) demonstrates. Cytochrome oxidase has a 
reduced carbon monoxide difference spectrum maxima at 428nm and a trough 
at 445nm. Fraction D4 has a peak at 418nm and a trough at 432nm. This 
trough is at a similar wavelength to that seen in housefly microsomes with 
very little contamination from mitochondrial components (figure 2.1A).
Chromatography at pH 6.5 on DEAE-Sephacel did not result in any 
fractions with any detectable cytochrome P-450. Fractions D5 and D6 had no 
carbon monoxide binding pigments and fractions D7 and D8 contained 
cytochrome oxidase and cytochrome P-450 was not apparent from the reduced 
carbon monoxide or dithionite difference spectra. Fraction D9 was similar 
to fraction D4 having an identical spectrum and was probably also 
cytochrome P-420.
Alternative materials (CM-cellulose and hydroxylapatite) were tested 
under a variety of conditions. The solubilised microsomes demonstrated 
similar chromatographic properties with these materials as with DEAE- 
sephacel. To achieve a chromatographic separation, the pH of the buffer 
had to be increased or decreased to such a level that the cytochrome P-450 
appeared very unstable and only cytochrome P-420 could be recovered.
Previous reports of ion-exchange chromatography of housefly cyto­
chrome P-450 with DEAE-liganded column materials have shown that signifi­
cant quantities of cytochrome P-450 eluted in the wash buffer at nearly 
neutral pH values (Fisher & Mayer, 1984; Ronis et al., 1988). These
workers, however, reported the presence of cytochromes P-450 that could be 
separated effectively by ion-exchange chromatography. The microsomes used 
in the present study, either as a result of strain differences (the 
strains used by these other workers were pesticide resistant) or the 
induction with clofibrate, do not appear to contain such isoenzymes.
5.4.2.2 Affinity chromatography
The use of affinity chromatography media is advantageous in that the 
pH of the buffer system can be that at which the cytochrome P-450 is most 
stable.
Laurie acid and p-chloroamphetamine were examined as ligands by 
coupling to Sepharose 4B. Laurie acid was chosen since it was shown to be 
a good substrate for the clofibrate-induced enzyme and p-chloroamphetamine 
was chosen as this type of column has been effective in purifying 
cytochrome P-450 from sources with very low specific content (Warner et 
al., 1988).
Most protein from cholate solubilised microsomes washed through p- 
chloroamphetamine-Sepharose 4B with only a small brown band appearing to 
bind tightly to the top of the column. The protein that washed through 
contained no detectable cytochrome P-450. After washing with three volumes 
of 50mM Tris-HCl (pH 7.4), 20% (v/v) glycerol, 0.2% (w/v) sodium cholate,
ImM EDTA and 0.4mM PMSF this coloured band eluted with 50mM Tris-HCl (pH
7.4), 20% (v/v) glycerol, ImM EDTA and 0.4mM PMSF containing 0.2% (v/v),
0.3% (v/v) and then 0.5% (v/v) Emulgen. Only one peak was apparent from
the absorbance (417nm) elution profile which was pooled and the carbon 
monoxide difference spectrum is shown in figure 5.4. The specific content 
of this pool (PCS1)was 1.5nmol.mg-1, representing approximately a 20-fold 
purification from the microsomes.
Chromatography on lauric acid-coupled Sepharose 4B followed a similar 
pattern as above. Most protein washed through, this fraction again 
containing no detectable cytochrome P-450. The column was washed and the 
coloured band eluted in the same way as for p-chloroamphetamine-coupled 
sepharose 4B. Again only one peak was apparent from the absorbance (417nm) 
elution profile. This fraction was spectrally indistinguishable from that 
derived from p-chloroamphetamine-coupled Sepharose 4B. The specific con-
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Figure 5.4 Reduced carbon monoxide difference spectrum of fraction 
PCS1
The reduced carbon monoxide difference spectrum of the cytochrome P- 
450 containing fraction from p-chloroamphetamine-coupled Sepharose 4B 
affinity chromatography.
tent of this pool (LAS1) was 1.8nmol.mg-1, representing a 25-fold purifi­
cation from the microsomes.
The type II substrate n-octylamine is known to be a good ligand for 
ferric cytochrome P-450, the hydrophobic nature of the alkyl group being 
an important factor in achieving separation with the Sepharose derivative. 
After solubilisation with cholate (as described previously) the concentra­
tion of cholate was reduced to 0.2% (w/v) by dilution and the protein was 
loaded onto a 2.6cm X 15cm column of n-octylamine-coupled Sepharose 4B. 
The majority of the solubilised protein bound to this column: that which
washed through did not contain any detectable cytochrome P-450. The column 
was eluted successively with Tris-HCl (pH 7.4), 20% (v/v) glycerol, ImM
EDTA and 0.4mM PMSF containing 0.1% (v/v), 0.3% (v/v) and then 0.5% (v/v)
Emulgen. The absorbance (417nm) elution profile is shown in figure 5.5.
Fractions OS1, OS2 and OS3 contained cytochrome P-450 with specific 
contents of 0.8nmol.mg-1, 1.3nmol.mg-1 and 2.5nmol.mg_1 respectively. 
Fractions OS1 and OS2 contained very low quantities of cytochrome P-450 
and were not studied further. The reduced carbon monoxide spectrum of OS3 
is shown in figure 5.6, this fraction represented a 35-fold purification 
from the microsomes.
These three column materials (lauric acid, p-chloroamphetamine and n- 
octylamine-coupled Sepharose 4B) may all be performing separation on the 
same basis i.e. upon a hydrophobic interaction. Additional ligand in the 
buffer cannot displace the cytochrome P-450, this can only be achieved by 
increasing the concentration of detergent. Additionally fractions PCI, LAI 
and OS3 appeared superficially similar on SDS-PAGE analysis (results not 
shown). Chromatography on n-octylamine-coupled Sepharose 4B resulted in 
the best recovery of cytochrome P-450 and the preparation with the highest 
specific content containing the least cytochrome P-420. As a result of 
these observations, OS3 fractions from several separations on this column
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Figure 5.5 Elution profile of solubilised microsomes upon n-octylamine 
coupled Sepharose 4B chromatography
Solubilised protein was eluted from the column with increasing 
concentrations of Emulgen. OS1, OS2 and OS3 refer to peaks that were 
pooled and analysed further, these labels are used within the text.
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Figure 5.6 Reduced carbon monoxide difference spectrum of fraction OS3
Fraction OS3 eluted at 0.5% (v/v) Emulgen from n-octylamine-coupled 
sepharose 4B chromatography.
material were pooled for further purification.
By removing the majority of the Emulgen by dialysis and then with 
Bio-beads (replacing Emulgen with cholate as the detergent) fractions from 
these three affinity chromatography separations could be applied to either 
of the other two column materials. Although the protein bound to the 
column and could be eluted as described previously no additional purifica­
tion was achieved over that in fraction 0S3 with any combination of these 
columns. This further reinforces the suggestion that these affinity column 
materials are achieving separation upon the same basis.
Ion-exchange chromatography at this stage demonstrated the same 
properties as described in section 5.4.2.1.
To further purify fraction 0S3 the specific interaction of cytochrome 
P-450 with NADPH-cytochrome P-450 reductase was exploited. The concentra­
tion of Emulgen was reduced from 0.5% (v/v) to 0.2% (v/v) by dilution with
50mM Tris-HCl (pH 7.4), 20% (v/v) glycerol, ImM EDTA and 0.4mM PMSF. This
fraction was then applied to a rat cytochrome P-450 reductase affinity 
column (1cm X 5cm) and washed with 5 column volumes of 50mM Tris-HCl (pH
7.4), 20% (v/v) glycerol, ImM EDTA, 0.4mM PMSF and 0.2% (v/v) Emulgen. The 
cytochrome P-450 bound to this column and was eluted with potassium 
chloride at lOOmM, 200mM, 300mM then 500mM in the same buffer. The elution 
profile is shown in figure 5.7.
Fractions FPT1 and FPT2 contained cytochrome P-450 although FPT1 was 
heavily contaminated by cytochrome P-420. FPT3 had no detectable cyto­
chrome P-450 or cytochrome P-420. The reduced carbon monoxide difference 
spectrum of FPT2 is shown in figure 5.8. The specific content of this 
preparation was 5.7nmol.mg"x, representing approximately an eighty-fold 
purification from the original microsomal preparation. The purification of 
fraction FPT2 is shown in table 5.2, SDS-PAGE analysis of the relevant
stages is shown in figure 5.9. The major band in fraction FPT2 had a
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Figure 5.7 Elution profile of separation of OS3 on rat cytochrome P- 
450 reductase affinity chromatography
Bound protein was washed from the column with increasing 
concentrations of potassium chloride in 50mM Tris-HCl (pH 7.4), 20% (v/v)
glycerol, ImM EDTA, 0.4mM PMSF and 0.2% (v/v) Emulgen. FPT1, FPT2 and FPT3 
refer to peaks that were pooled and analysed further. These labels are 
used within the text.
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Figure 5.8 Reduced carbon monoxide difference spectra of fraction FPT2
Fraction FPT2 eluted with 200mM KCl from rat NADPH-cytochrome P-450 
reductase-coupled Sepharose 4B chromatography.
Table 5.2 Purification of cytochrome P-450 from clofibrate-pretreated 
housefly microsomes
* These figures are pooled values from replicate purifications.
Stage
Volume
(ml)
Protein
(mg)
Cytochrome
P-450
(nmol)
Specific 
Content 
(nmol.mg-1)
Yield
(fl
Fold
Purification
Microsomes * 571 5710 400 0.07 100 1
Solubilised microsomes * 469 4457 380 0.085 95 1.2
n-octylamine affinity * 46 32 80 2.5 20 35.7
reductase affinity 22 2.3 13 5.7 3.5 81.4
1 8 0
116  
8 4
5 8  
48 -5
3 6 - 5  
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Figure 5.9 SDS-PAGE analysis of the stages of partial purification of 
housefly microsomal cytochrome P-450
Tracks contain 1) prestained molecular weight standards, 2) clofib- 
rate-pretreated housefly microsomes (lGpg), 3) solubilised microsomes 
(10yg), 4) fraction 0S3 (5pg) and 5) fraction FPT2 (8pg).
molecular weight of approximately 52,000 daltons.
This partially purified fraction did not interact with antibodies to 
cytochrome P-450IA1, IIB1 or IVA1 in Western blot analysis (results not 
shown). The interaction was no greater than that described in chapter 4 
despite it being possible to load more cytochrome P-450 in each track. The 
non-specific interaction with low molecular weight components was absent.
5.4.3 Reconstitution of monooxygenase activity
Monooxygenase activity was reconstituted with the partially purified 
housefly cytochrome P-450 (FPT2), rat hepatic NADPH-cytoochrome P-450 
reductase with dilauroylphosphatidylcholine or phosphatidylethanolamine as 
the phospholipid.
After dialysis and treatment with Bio-beads the Emulgen concentration 
was 0.08mg.ml_1 of the final incubation mixture. Concentrations of Emulgen 
higher than this caused no inhibition in microsomal assays (section
4.4.1).
The reconstitution activities are described in table 5.3. Under these 
conditions there was no detectable activity toward benzphetamine, 
testosterone or methoxyresorufin. Activity was shown toward lauric acid 
and arachidonic acid.
The major product from lauric acid and arachidonic acid oxidation in 
this system was the w-hydroxylated product. The ratio of w to w-1 products 
for lauric acid was 5:1. Epoxides of arachidonic acid were evident from 
the chromatographic profile (figure 5.10), but, at low levels.
Dilauroylphosphatidylcholine and phosphatidylethanolamine were equ­
ally effective in the reconstitution of the monooxygenase system. Although 
dilauroylphosphatidylcholine is the preferred phospholipid in mammalian 
reconstitutions, phosphatidylethanolamine is the major phospholipid in 
housefly microsomes (Spates et al., 1988). That each phospholipid is
Table 5.3 Reconstitution of monooxygenase activities using cytochrome 
P-450 partially purified from clofibrate-pretreated housefly microsomes
ACTIVITY 
(nmol.min-1.nmol P-450-1)
Substrate
PC
Phospholipid a
PE
Testosterone N.D.b N.D.
Benzphetamine N.D. N.D.
Methoxyresorufin N.D. N.D.
Lauric acid w 1.92 1.94
w-1 0.38 0.34
Arachidonic acid 0.52 0.45
a PC dilauroylphosphatidylcholine, PE phosphatidylethanolamine 
b N.D. not detectable
Values represent the average of two determinations.
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Figure 5.10 Oxidation of arachidonic acid by reconstituted system
Profile (hplc) of metabolites formed during NADPH-dependent
oxygenation of arachidonic acid by reconstituted monooxygenase system.
equally effective in this reconstituted system perhaps reflects the mixed 
source (rat and housefly) of the components.
These activities are much lower than observed in the microsomes 
(sections 3.4.1.2 and 3.4.2.1). This lower activity may be due to 
inhibition by Emulgen all of which could not be removed. A higher 
concentration of Emulgen caused no such inhibition of microsomal activity, 
however, the Emulgen may be present at higher local concentrations in the 
reconstituted system. Additionally the interaction of housefly cytochrome 
P-450 with rat NADPH-cytochrome P-450 reductase may not be as effective as 
that between the two housefly components would be. However, previous 
reports have described the difficulty in the reconstitution of mono­
oxygenase activity using housefly NADPH-cytochrome P-450 reductase (Ronis 
et al., 1988).
5.5 Discussion
Purification of cytochrome P-450 from the housefly presents several 
problems other than those encountered in isolation procedures from rat 
liver microsomes. Namely the presence of proteases, the low specific 
content and the difficulty in obtaining large quantities of starting 
material as well as the inherent instability of the cytochrome P-450. In 
addition the cytochrome P-450 from these clofibrate-pretreated housefly 
microsomes was not amenable to ion-exchange purification procedures.
Cytochrome P-450 was, however, partially purified from these micro­
somes by affinity chromatography methodology to a specific content of 
5.7nmol.mg-1 without any apparent cytochrome P-420. This specific content 
and the SDS-PAGE analysis (figure 5.9) demonstrate that the preparation 
was far from homogenous.
Although the specific content was lower than that reported previously 
from the housefly (Fisher & Mayer, 1984; Ronis et al., 1988) the
monooxygenase activity was reconstituted with some success using rat liver 
NADPH-cytochrome P-450 reductase and phospholipid.
The Fisher & Mayer (1984) preparation had a higher specific content 
(lOnmol.mg-1), but these authors reported no attempt to reconstitute the 
monooxygenase activity. Ronis et al. (1988) partially purified cytochromes 
P-450 from Rutgers housefly microsomes, one of which to a specific content 
of approximately 8nmol.mg-1. This preparation, however, exhibited activity 
toward one substrate tested in a reconstituted system, lauric acid, and 
then at a total specific activity of only 0.012nmols of product 
formed.min-1.nmol P-450-1.
The preparation described here from clofibrate-pretreated housefly 
microsomes therefore compares favourably with those described previously, 
in that the partially purified cytochrome P-450 retains activity toward 
substrates identified in the microsomes.
The cytochrome P-450 purified from the clofibrate-pretreated micro­
somes appears to be that (or one of those) responsible for the w- 
hydroxylation of fatty acids. The presence of 11-hydroxylated lauric acid 
and epoxides of arachidonic acid in the respective assays may demonstrate 
that this cytochrome P-450 is capable of acting upon fatty acids in more 
than one position. These non w-hydroxylating activities may, however, be a 
result of other cytochromes P-450 in the preparation, which is not 
homogenous.
The approximate molecular weight of 52,000 daltons and reduced carbon 
monoxide difference absorbance maxima of 448nm are within the values 
described for other cytochromes P-450 from a variety of sources. However, 
the classification of cytochrome P-450 by these parameters is notoriously 
unreliable and uninformative.
This is the first partial purification of a cytochrome P-450 multiple 
form with a defined product reaction in an insect system. However, further 
purification and characterisation of this cytochrome P-450 is necessary.
CHAPTER 6 
DISCUSSION
The mixed function oxidase system plays an important role in the 
metabolism of lipophilic substances in prokaryotic and eukaryotic organ­
isms. Cytochrome P-450 is the terminal enzyme in this electron transport 
chain and arguably the most important.
In insects cytochrome P-450 has been implicated in a number of 
endogenous roles involving the metabolism of and biosynthesis (or both) of 
juvenile hormones (section 1.5.1.1.1), ecdysteroids (section 1.5.1.1.2), 
pheromones (section 1.5.1.2) and prostaglandins (section 1.5.1.3). Add­
itionally, as in other eukaryotes, insect cytochrome P-450 is involved in 
the metabolism of xenobiotic compounds, either man-made pesticides or 
plant secondary products (sections 1.5.2 and 1.5.4 and section 1.5.1.4).
The microsomal cytochrome P-450 in the strain of housefly examined in 
this study exhibited activity toward several structurally diverse sub­
strates. The benzphetamine N-demethylase activity is characteristic of 
family II (Mizukami et al., 1983) and the w-hydroxylation of lauric acid 
is characteristic of the family IV isoenzyme, cytochrome P-450IVA1 
(Tamburini et al., 1984). These and other activities indicate the presence 
of a mixed function oxidase system in the housefly as capable as that 
reported extensively for higher animals. One exception to this is the 
absence of ethoxyresorufin O-dealkylase activity characteristic of family 
I cytochromes P-450 (Guengerich et al., 1982), although some activity was 
detected toward the methoxy analogue. The housefly, a polyphagous species, 
has cytochrome P-450 isoenzymes capable of similar catalytic functions to 
those reported for mammalian cytochromes P-450, despite a very much lower 
specific content.
The highest specific activity observed in this strain of housefly was 
with lauric acid as substrate, hydroxylation at the w-position being the 
prevailing reaction. This activity extends equally to myristic and pal­
mitic acids, hydroxylation of other analogous saturated fatty acids being
significantly less. The w-hydroxylation showed the same chain length 
specificity (this was particularly marked on induction with clofibrate). 
The cytochrome P-450 in the housefly can also oxidise unsaturated fatty 
acids. Arachidonic acid is oxidised to a number of products, w-hydroxy- 
lated arachidonate and epoxides of arachidonic acid being in the majority. 
Only trace amounts of both free and esterified laurate, myristate and 
arachidonate are present in housefly microsomes, although, substantial 
quantities of palmitate are present both as glycerides and as the free 
fatty acid (Spates et al., 1988). These fatty acids may only be model
substrates for physiologically more relevant substrates. Although, after 
w-hydroxylation the saturated fatty acids produce dicarboxylic acids, 
which are substrates for peroxisomal B-oxidation (Vamecq & Draye, 1988). 
The oxidation of arachidonic acid may be involved in the biosynthesis of 
prostaglandins in the insect as is the case in mammalian species 
(Capdevila et al., 1981). The epoxidation of juvenile hormone, in several
cases, has been shown to be cytochrome P-450 dependent (Feyereisen et al., 
1981; Hammock, 1975; Yu & Terriere, 1978). The cytochrome P-450 isoenzymes 
performing the epoxidation of the double bonds in arachidonic acid, or 
other unsaturated fatty acids, may be those that perform this same 
function in those juvenile hormones that are structurally similar.
In common with cytochrome P-450 from other sources, the cytochrome P- 
450 in the housefly was inducible. The inducing agent phenobarbital causes 
a general inductive effect on the specific content of the monooxygenase 
components, cytochrome P-450 reductase and cytochrome P-450, and a speci­
fic effect on the isoenzyme profile. This inductive effect with pheno­
barbital mirrors that seen in mammalian systems in that phenobarbital 
induces the same type of activity (benzphetamine N-demethylase) in both 
rat and housefly.
The induction with the hypolipidaemic drug clofibrate is equally
striking, in both extent and similarity to that observed in responsive 
mammals. This specific induction of a w-hydroxylase activity has been 
shown in the rat to be due the induction of cytochrome P-450IVA1 
(Tamburini et al., 1984). This isoenzyme metabolises lauric acid at the
12-position with only trace amounts of 11-hydroxy metabolite apparent 
(Tamburini et al., 1984). Both rat and housefly contain a fatty acid w-
hydroxylating cytochrome P-450 that can be specifically induced by the 
hypolipidaemic drug clofibrate.
As discussed in section 3.5, the w-hydroxylase oxidises the thermo­
dynamically disfavoured terminal methyl group. The w-hydroxylating cyto­
chrome P-450 in both the rat and housefly overcomes the inherent specifi­
city for the weaker bond to perform w rather than w-1 hydroxylation. From 
the observation that hydrogen peroxide formation was reduced in the 
metabolism of arachidonic acid after induction with a hypolipidaemic drug 
(ciprofibrate), it has been suggested that the w-hydroxylation is a well- 
coupled reaction (Capdevila et al., 1985). The w-hydroxylating cytochrome
P-450 in the housefly appears to share this property. This well-coupled 
nature may be an essential component of these cytochromes P-450, necessary 
to perform a less favoured hydroxylation. The w-hydroxylating cytochromes 
P-450 cannot afford the wasteful diversion of reducing equivalents to 
produce hydrogen peroxide during the catalytic cycle.
A schematic model (figure 6.1) of the active site of cytochrome P- 
450IVA1 has been proposed (CaJacob et al., 1988). These authors suggested
that the active site must be highly structured so that only the terminal 
methyl group reaches the activated oxygen, rather than an interaction 
involving the carboxyl group being responsible for this specificity. Such 
a structure may be valid in a housefly w-hydroxylase. An interaction with 
the carboxyl group, however, may be a factor in determining the chain 
length specificity.
Figure 6.1 Schematic representation of the active site of lauric acid 
w-hydroxylase
Reproauced from CaJacob et al. (1988).
The cytochrome P-450 in the housefly, despite the catalytic common­
ality and the similar induction pattern with phenobarbital and clofibrate 
shares few structural epitopes with cytochrome P-450IIB1 or cytochrome P- 
450IVA1 (or with cytochrome P-450IA1). The only published sequence of an 
insect cytochrome P-450 exhibited very low homology with other known 
cytochromes P-450 (Feyereisen et al., 1989). The highest homology
(approximately 27%) was with family III isoenzymes. The authors therefore 
proposed that the isoenzyme qualified as a member of a new family 
designated as family VI.
The housefly contains cytochrome P-450 capable of similar catalytic 
functions to those described for higher animals, yet insect cytochromes P- 
450 would appear to be members of a novel family. In the rest of the 
cytochrome P-450 superfamily, the family structure is reflected in the 
apparent substrate specificity. Members of a family or sub-family often 
have related substrate specificity. The apparent substrate specificity of 
insect cytochromes P-450 is therefore not a guide to familial affiliation 
as it is between other species. The substrate specificity may yet prove to 
reflect sub-family structure within family VI, although other insect 
cytochrome P-450 gene sequences and isoenzyme substrate specificities are 
needed for this to be established.
The w hydroxylating cytochrome P-450 partially purified in this study 
is most probably different from cytochrome P-450VIA1. Cytochrome P-450VIA1 
was phenobarbital inducible from a Rutgers resistant strain of housefly 
(Feyereisen et al., 1989). The w-hydroxylating cytochrome P-450 was from
clofibrate pretreated houseflies of a 'wild type' strain. Additionally the 
chromatographic properties were substantially different, as was the appa­
rent molecular weight. The w-hydroxylating housefly cytochrome P-450 may 
prove to be an additional member of family VI. However, the gene or 
protein sequence needs to be determined before a cytochrome P-450 can be
placed within the superfamily with any degree of accuracy.
The insect mixed function oxidase system has exhibited considerable 
divergence from other cytochromes P-450 whilst retaining similar catalytic 
functions. Yet the response to the inducing agents phenobarbital and 
clofibrate has been conserved. Clofibrate pretreatment induces the same 
type of activity in rat and housefly. Other compounds of the same class 
(peroxisome proliferators) cause this type of induction in certain plant 
species (Salaun et al., 1986). That this class of compounds induce the
same activity across such a range of species suggests that the mechanism 
of induction is more likely to be one which interferes with a basic 
endogenous process. Elcombe & Mitchell (1987) have proposed such a 
'substrate overload' mechanism. However, that several species more closely 
related to the rat are unresponsive (Hawkins et al., 1987) indicates that
the situation is very complex. This induction is presently the subject of 
intense interest to several research groups.
If research on the induction of insect cytochrome P-450 parallels 
that of isoenzyme isolation and characterisation it may be many years 
before such processes are fully understood.
FUTURE WORK
To further extend the understanding of cytochrome P-450 in insects 
two basic approaches could be applied.
Further gene sequences of insect cytochromes P-450 could be deter­
mined by similar approach to that used by Feyereisen et al. (1989). From 
mRNA from houseflies a cDNA library can be constructed. This cDNA can then 
be cloned into a suitable bacterial vector and the recombinant clones 
screened in a number of ways:
1) using polyclonal antibodies to a partially purified insect cyto-
tta.
chrome P-450. This is/jnethod used to obtain the only known sequence 
for an insect cytochrome P-450 (Feyereisen et al., 1989). However it
should be noted that using antibodies to only a partially purified 
isoenzyme may result in false positives on screening.
2) using a nucleic acid probe available to a known cytochrome P-450. 
However, since insect cytochromes P-450 are probably members of a 
different family the homology may be low and as such it may not be 
possible to identify successful clones.
3) using a synthetic oligonucleotide to part of the published 
sequence of insect cytochrome P-450. The conserved cysteine involved 
in haem binding would be a good candidate.
Although such an approach could rapidly result in the identification 
of novel insect cytochromes P-450 this would not reveal the substrate 
specificities or catalytic functions of insect cytochrome P-450. To study 
this the isoenzymes of cytochrome P-450 need to be purified and charac­
terised in controlled systems. Since cytochrome P-450 in insects is 
present in low quantities and is unstable, methodologies suitable for 
rapid isolation of small concentrations of protein would be necessary; 
fplc may be appropriate.
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